A systematic study of transparent conducting indium zinc oxide thin films by KUMAR BHUPENDRA
  
 
       A Systematic Study of Transparent Conducting    




                               KUMAR BHUPENDRA 
                                  (B. Tech. (Hon.), IT-BHU) 
 
 
                                 A THESIS SUBMITTED  
               FOR THE DEGREE OF MASTER OF SCIENCE  
                    DEPARTMENT OF MATERIAL SCIENCE 
                    NATIONAL UNIVERSITY OF SINGAPORE 






I would like to use this opportunity to express my sincere gratitude to my supervisors, 
A/P Gong Hao and Dr. Ramam Akkipeddi, for their help and encouragement for this 
project. I sincerely appreciate the amount of time they provided for the countless 
discussions in spite of their busy schedule during the course of this project. I would also 
like to thank my group mates Yu Zhigen, Hao Yongliang, and Hu Guangxia for the 
fruitful discussions, suggestions and their continuous support. I would also like to 
acknowledge the contribution of Nitya Nand Gosvami for conducting atomic force 
microscope measurements as part of overall project. I thank the technical staff of the 
Department of Material Science and Engineering for their continuous technical support. 
All the facilities and technical support provided by the Institute of Material Science and 
Engineering (IMRE) is highly appreciated. I would finally like to thank National 
University of Singapore (NUS) for their financial support during my tenure as graduate 
student and for the wonderful working environment without which this work would not 








Table of Contents 
 
Acknowledgements ............................................................................................................ i 
Table of Contents .............................................................................................................. ii 
Summary........................................................................................................................... iv 
List of Tables .................................................................................................................... vi 
List of Figures.................................................................................................................. vii 
List of Publications .......................................................................................................... xi 
Chapter 1 Introduction..................................................................................................... 1 
1.2 Literature Review...................................................................................................... 5 
1.3 Outline of Thesis....................................................................................................... 6 
References:...................................................................................................................... 8 
Chapter 2 Experimental Techniques ............................................................................ 12 
2.1 RF magnetron sputtering system ............................................................................ 12 
2.2 Thin films characterization techniques ................................................................... 16 
2.2.1 Hall Effect measurement.................................................................................. 16 
2.2.2 Energy Dispersive X-ray spectrometry............................................................ 19 
2.2.3 X-ray photoelectron spectroscopy (XPS) ........................................................ 21 
2.2.4 X-ray Diffraction (XRD) ................................................................................. 23 
2.2.5 UV-Visible-Far Infrared Spectroscopy............................................................ 25 
2.2.6 Atomic force microscope (AFM) and Conducting AFM ................................ 27 
2.2.7 Transmission Electron Microscope (TEM) ..................................................... 29 
References:.................................................................................................................... 31 
  iii
Chapter 3 Transparent Amorphous Indium Zinc Oxide Thin Films ........................ 33 
3.1 Introduction............................................................................................................. 33 
3.2 Results and Discussion ........................................................................................... 34 
3.2.1 Elemental analysis ........................................................................................... 34 
3.2.2 XRD Analysis .................................................................................................. 35 
3.2.3 Electrical and Optical properties...................................................................... 38 
3.2.4 Conducting Atomic Force Microscopy study .................................................. 49 
3.2.5 X-ray Photoelectron Spectroscopy study......................................................... 52 
3.2.6 Effect of Vacuum Annealing ........................................................................... 57 
3.3 Summary and Conclusions ..................................................................................... 68 
References:.................................................................................................................... 71 
Chapter 4 Transparent Polycrystalline Indium Zinc Oxide Thin Films................... 74 
4.2 Results and Discussion ........................................................................................... 75 
4.2.1 Elemental analysis ........................................................................................... 75 
4.2.2 XRD and AFM analysis................................................................................... 75 
4.2.3 Electrical and Optical properties...................................................................... 81 
4.2.4 Effect of Vacuum Annealing ........................................................................... 87 
4.3 Summary and Conclusions ..................................................................................... 97 
References:.................................................................................................................. 100 
Chapter 5 Summary and scope for future works ...................................................... 102 
5.1 Summary ............................................................................................................... 102 





Indium Zinc Oxide (IZO) thin films were deposited by RF magnetron co-sputtering of 
indium oxide and zinc oxide targets. Both amorphous and crystalline thin films were 
prepared at 200°C substrate temperature. The films were characterized by Hall Effect 
measurement, X-ray diffraction, energy dispersion X-ray spectroscopy, X-ray 
photoelectron spectroscopy, spectro-photometry, atomic force microscopy, conducting 
atomic force microscopy, and transmission electron microscopy techniques. The 
composition dependence of the amorphous and the polycrystalline phases in the In2O3-
ZnO system was explored. The composition dependence of the amorphous region was 
explored and the films having M ratios {defined as Zn/(Zn+In) atomic ratios} in the 
range of 0.19-0.43 were amorphous in nature. The amorphous films exhibited an n-type 
semiconductor behavior with low resistivities in the range of 4x10-4-6.33x10-4 Ω-cm. 
These amorphous films have a very wide transmittance window in the range of 300-2500 
nm. The films having M ratios in the range of 0.48-0.87 were polycrystalline. In addition, 
formation of the homologous phases Zn2In2O5, Zn4In2O6, Zn5In2O7, and Zn7In2O8 in the 
films having M ratio of 0.51, 0.69, 0.76, and 0.81, respectively, was observed. The main 
emphasis was on the study of electric and optical properties and the correlation between 
them. The effective mass of the charge carriers in the amorphous films were estimated 
using the classical Drude theory. The effective mass in the amorphous region was found 
to be less than 0.20m۪ and there is no significant change. On the basis of percolation 
theory and overlap integral calculations, we are able to conclude that indium is the 
conducting path provider cation for this amorphous system. Mobility monotonously 
  v
decreased from 71.6 cm2/Vs to 59.4 cm2/Vs with an increase in M ratio from 0.19 to 0.43 
in the amorphous region. The changes in the optical band gap from 2.66 eV to 3.05 eV of 
the amorphous films with composition was successfully explained using Burstein-Moss 
shift for all the composition except for the M ratio 0.43, for which the optical band gap 
increased even though there was a decrease in the carrier concentration. The mobility in 
the homologous region depends upon two factors: the separation between pure In2O3 
inter-grown layers and the impurity-ion concentration. These two factors compete with 
each-other as M ratio was increased. The oxygen vacancies are the prime source of 
carrier generation in the homologous region. The carrier concentration gradually 
decreased as the contribution of the oxygen vacancies diminished with increasing M ratio. 
A very wide transmittance window ranging from 300-2500nm was observed for all the 
films in the homologous region. All the films in the homologous region exhibited a 
transmittance of 80-98% in the visible region. The variation of the direct optical band gap 
in the homologous region follows a similar trend as that of the carrier concentration. This 
implied that the change in the band gap could be explained on the basis of the Burstein-
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Chapter 1 
Introduction 
1.1 Introduction to Transparent conducting 
oxide and In2O3-ZnO system 
 
The study of transparent and highly conducting oxide semiconductor films has attracted 
the attention of many researchers for many years owing to their wide range of 
applications both in the industry and in research. Transparent conducting oxide (TCO) 
films have extensively incorporated as transparent electrodes in optoelectronic devices, 
solar cells and organic light emitting diodes, as pixel electrodes in devices such as liquid 
crystal displays (LCDs), as touch screens in transparent windows, and thin film 
photovoltaic devices.1-4 TCOs such as indium tin oxide (ITO), impurity-doped tin oxide, 
and zinc oxide have extensively been used for long time. They have often been plagued 
with different shortcomings due to increasing demand for better transmittance and 
conductivity in new age smart devices. To fulfill the demand of high performance TCOs 
and tailor the properties of TCOs according to the requirement, new materials consisting 
of multi-component oxides have been studied extensively.5 Earlier, it was believed that 
the TCOs can only be n-type semiconductor.6 However, in recent years p-type TCOs have 
also been reported,7, 8 which open the field of transparent opto-electronic devices such as 
LEDs, Lasers, and transparent circuits etc. In addition to this, amorphous transparent 
conducting oxide (a-TCOs) had been synthesized and studied for their applications in flat 
panel display and organic light emitting diodes. 














Fig. 1. 1 A typical indium zinc oxide homologous region structure: layered structure consisting of 
a wurtzite structure with cubical stacking fault.(Adapted from L. Dupont, C. Maugy, N. Naghavi, 
C. Guéry, and J. M. Tarascon, J. Solid State Chem. 158, 119 (2001).) A Systematic Study of Indium Zinc Oxide Thin Films 2
 
The In2O3-ZnO ternary system has attracted a significant attention recently due to its 
larger work function9, 10, superior transmitance in the 1-1.5 µm range11, and higher etch 
rate12 in comparison to ITO thin films. The In2O3-ZnO system can be subdivided into 
three groups (a) In2O3-rich, (b) homologous, and (c) ZnO-rich.13, 14 The In2O3-rich region 
is basically Zn doped In2O3 and has a cubical structure of pure In2O3. The homologous 
region is with a structure which can be visualized as a periodic intergrowth of pure InO2⎯ 
layers in a (K+1) In/Zn-O(InZnKOK+1+1) wurtzite-type matrix as shown in Fig. 1.113 and 
having Zn/(Zn+In) atomic ratio (M ratio) between 0.3 to 0.9. The ZnO-rich is similar to 
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indium doped ZnO and has a pure wurtzite-type structure. ZnO-rich region has a M ratio 
greater than 0.9. In addition, both indium and zinc cation are a part of the larger group of                          
heavy metal cations which have the potential to form high mobility wide band gap 
amorphous transparent semiconductor as proposed by Hosono et al.15 and shown in Fig. 
1.2. Indium oxide rich region of indium zinc oxide system has shown promise as an 
amorphous TCO.16-18 However, in these cases also indium content is quite high. ITO can 
also be easily deposited in amorphous form.  But it has tendency to change from 
amorphous to crystalline at around 150 °C.19 This change of ITO films causes internal 
stress, and even cracks in ITO films. Moreover, the stress bends the plastic substrate 
preventing the assembling of the display devices.18 Indium oxide and zinc oxide based 
materials have been extensively explored as amorphous active layer in thin film transistor 
due their high mobility and stability.20-22  
 
                                     
 
Fig. 1. 2 A group of heavy metals whose oxides could be used for high mobility transparent 
amorphous semiconductor. (Adapted from H. Hosono, M. Yakusawa, and H. Kawazoe, J. Non-
Cryst. Solids 203, 334 (1996).) 
Introduction                                                                                                             B. Kumar 
 
A Systematic Study of Indium Zinc Oxide Thin Films 4
The In2O3 rich i.e. Zn doped In2O3 and ZnO region i.e. In doped ZnO are well studied 
and the homologous region is still unexplored. Most of the work on the homologous 
region is focused on polycrystalline Zn2In2O5 and Zn0.5In1.5O3.10, 11Minami et al.23 
reported that the homologous region has higher work function compared to ITO as well 
as Al doped ZnO. The present work focus on following regions: (1) the transition zone 
between In2O3-rich and the homologous region, (2) the transition zone between ZnO-rich 
region and the homologous region, and (3) the homologous region. The films having 
compositions in the transition zone between In2O3-rich and the homologous region are 
amorphous in nature (Discussed detail in chapter 3) and the films with compositions in 
two other regions are polycrystalline in nature. Therefore, these three regions are 
classified into two categories namely (a) amorphous zone and (b) polycrystalline 
homologous zone. The composition dependence of amorphous and polycrystalline 
homologous zone has been investigated.  
Post deposition annealing has been investigated to tailor the properties of TCOs and is 
well reported in the literature. Annealing parameters such as ambient, temperature, and 
time of annealing have been varied and effect has been studied for almost all TCO 
systems like, ITO, ZnO, doped Tin oxide etc.6 Three different annealing environmental 
conditions are mainly used (1) Neutral condition (such as vacuum, inert gases (N2, Ar)), 
(2) oxidizing condition (air, O2), and (3) reducing condition (forming gas, H2) to optimize 
carrier concentration, mobility and optical properties like transmittance and reflectance of 
TCOs for various applications. The effect of the annealing on amorphous IZO has been 
studied by several groups, 16, 18, 24, 25 but all these studies were limited to high In2O3 region 
and only focused on very narrow composition range. In this work, a study of the effect of 
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vacuum annealing on entire amorphous region of the In2O3-ZnO system is presented. 
Similarly, the post deposition heat treatment under different conditions of the 
homologous region compounds and their effect has been studied by several groups.26-28 
All these studies focused only on the low zinc content range (M ratio around 0.50 and 
less) of the homologous region. A complete study of the effect of vacuum annealing on 
the entire homologous region is also reported. 
1.2 Literature Review 
 
Several deposition techniques have been used for the growth of indium zinc oxide thin 
films, which include RF24,  29, 30 and DC16, 31 magnetron sputtering, pulsed laser deposition 
11, 13, 32, spray pyrolysis33, 34 and metal-organic chemical vapor deposition35, 36. Apart from 
glass substrate, other substrates such as polymer, (001) Si, GaAs and InP also have been 
employed for the deposition of the indium zinc oxide films.18, 37, 38 Because of high 
thermal stability and rather high electrical conductivity of the indium zinc oxide films, 
their possible use for high-temperature thermoelectric applications have been also 
investigated.39-42 Moriga et al.14 has reported the phase relationships of structure, 
electrical and optical properties and formation of nine homologous phases (ZnKIn2O3+K, 
where K=3, 4, 5, 6, 7, 9, 11, 13, and 15) in the bulk In2O3-ZnO system bulk. To improve 
the electrical and optical properties of the In2O3-ZnO system, different dopants such as 
Ga, Sn, Al, Ge have been used in the homologous region.10, 11, 43, 44 Most of the reported 
work on the In2O3-ZnO mainly focus on either doped system i.e. In doped in ZnO or Zn 
doped in In2O3 or higher indium content homologous region. Although, the conduction 
mechanism in the homologous region is reported by Marcel et al.45, the amorphous zone 
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in the homologous region is virtually unknown. A comprehensive and comparative study 
of the amorphous region together with the polycrystalline homologous region would be 
very useful to enhance the understanding of the indium zinc oxide system. 
1.3 Outline of Thesis 
 
The motive of the thesis is to develop a better understanding of the In2O3-ZnO 
transparent conducting oxide system. The indium zinc oxides films were deposited by 
simultaneous rf magnetron sputtering of pure indium oxide and pure zinc oxide targets 
and the electrical and optical properties dependence on the M ratio {defined as 
Zinc/(Zinc+Indium) atomic ratio} has been analyzed. The thesis comprises of five 
chapters. 
The second chapter mainly contains details of experimental techniques used for 
deposition and characterization of indium zinc oxide thin films. Section 2.1 gives a brief 
introduction of the RF magnetrons co-sputtering technique film deposition and condition 
of post deposition annealing. Section 2.2 presents a brief introduction of the different 
techniques used for the characterization of indium zinc oxide thin films. A 
comprehensive study of amorphous indium zinc oxide is reported in the third chapter. 
The chapter 3 is subdivided into three sections: 3.1 introduction, 3.2 results and 
discussion and 3.3 summary and conclusions. Section 3.1 provides a complete overview 
of the chapter. Section 3.2 provides details of deposition conditions as well as electric and 
optical properties of the amorphous films along with the effect of vacuum heat treatment. 
The summary and conclusions of all reported results in the chapter 3 is presented in final 
section 3.3. The fourth chapter provides a comprehensive study of the homologous region 
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in the In2O3-ZnO system and it is also subdivided into three sections: 4.1 introduction, 
4.2 results and discussions and 4.3 summary and conclusions. Chapter 5 discusses the 
comparison between the amorphous and polycrystalline indium zinc oxide films and 
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Chapter 2 
Experimental Techniques  
2.1 RF magnetron sputtering system 
 
Sputtering technique is a kind of physical deposition of thin films in which ions are 
accelerated from plasma towards target (material to be deposited) and bombardment of 
ions on target results in the generation of target molecules. These ejected energetic target 
molecules are, then, deposited into surrounding surfaces which includes substrates as 
well as deposition chamber walls. Plasma typically consists of positive ions and negative 
electrons in a sea of neutral atoms. Ion-electron pairs are continuously created by 
ionization and destroyed by recombination, since these processes are always pair wise; 
the space occupied remains neutral. The essential competing mechanisms in the plasma 
are excitation-relaxation and ionization-recombination. To maintain a steady state of the 
electrons and ion densities, the recombination must be balanced by ionization process. 
This means that an external energy source is required to sustain the plasma. This external 
energy is supplied by electric field applied between the target and the substrate as shown 
in Fig. 2.1. Generally target is kept at negative bias to accelerate the sputtering ions 
towards the target and chamber and substrate are grounded. Sputtering could also be 
achieved by keeping substrate at positive bias but in this configuration, film would be 
contaminated with the chamber material due to sputtering of chamber together the target. 
Contamination free deposition requires low operating pressures. However, the lower limit 
of operating pressure in the planar-diode sputtering plasma is imposed by the need for the 
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electron beam to undergo enough ionizing collisions for sustaining the plasma.1 The 
magnetron has been a major advantage in the sputtering technology, and greatly improves 
upon this situation. Basically it incorporates a cross wise magnetic field over the cathode, 
which traps the beam electrons in the orbits in that location and thus greatly increases 
their path length before they finally escape to the anode. Because the electron’s travel 
path is now much longer than the electrode gap the minimum pressure to sustain the 




                Target (Cathode (-V)) 







Fig.  2. 1 Simple plasma sustained between two electrodes and thin film growth at anode. 
 
At low operating pressure, the sputtered particles retain most of their kinetic energy upon 
reaching the substrate, this provides many benefit such as desorption of gaseous 
impurities from substrate, etc. In addition, deposition rate is increased because of reduced 
scattering and redeposition of the sputtered particles on the cathode. Finally, the 
increased efficiency of the electrons would mean that lower applied voltage is needed to 
sustain plasma of a given density. The film-thickness non uniformity that results from 
plasma compression in magnetrons is avoided by using substrate rotation system.2 
Another advantage of the magnetrons is that the substrates are protected from impacts of 
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the fast electrons, which were very evident in the diode configuration. This can be big 
advantage when dealing with bombardment sensitive substrates. 
Electric field applied as a source of energy to sustain the plasma can be either DC or AC 
voltage. AC power supply (RF power supply) has advantage over DC power supply in 
terms of bombarding insulating targets. In addition, it also transpires that the RF 
discharge is more effective that its dc counter part in promoting ionization and sustaining 
the discharge.2 Although at low frequencies, this behaves like a double-ended dc 
discharge with similar limitations, particularly with regard to minimum operating 
pressure. But as the frequency increases, the minimum operating pressure begins to fall, 
reaching values of less than 1 mtorr at 13.56 MHz (Universally approved frequency for 
this purpose).2 Another manifestation of the same effect is that, for a given pressure, the 
impedance of the discharge decreases with increasing frequency, so that one can drive 
more current through the discharge with a given voltage. The lower operating pressure 
also reduces the amount of the scattering of material sputtered from target. 
The schematic diagram of the RF magnetron sputtering system used for this work is 
shown in Fig. 2.2. All the valves are pneumatically operated in this system. Magnetrons 
are circular in geometry; these circular magnetrons seem to be more susceptible to arcing 
than other types of geometry. 13.56 MHz frequency is used for RF power sources. 
Simultaneous sputtering of two targets is employed for the growth of the films. Two inch 
diameter commercial ceramic target of pure ZnO (Purity 99.99%) and pure In2O3 (purity 
99.99%) were used. The thin films were deposited on chemically clean glass substrates 
and the glass substrates were initially cleaned with organic solvents (acetone and 
methanol) and after that kept in freshly prepared acid mix of Hydrochloric 
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Rf Bias Rf Bias
Fig. 2. 2 A schematic diagram of RF magnetron sputtering system. Here P1 and P2 are turbo 
molecular pump and rotary pump; (PG1, PG2) and PG3 are high pressure Pirani gauge (10-4 Torr 
maximum) and low pressure cold cathode pressure gauge (10-4 Torr minimum detectable 
pressure); T1 and T2 are In2O3 and ZnO targets; M1 and M2 are circular magnetrons. 
 
and Nitric acid (3:1) for 5 minutes. The glass substrates were rinsed with water then 
methanol after acid treatment and subsequently, were blown dry by pure N2 gas. The 
growth chamber was pumped down to a base pressure of 1.5 x10-6 Torr with a turbo-
molecular pump system. The working pressure of pure Ar gas was 4x10-3 Torr and the 
Exhaust 
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substrate temperature was maintained at 200 oC. The ZnO target and the In2O3 target 
power were varied to get different composition films by keeping both sputtering rates as 
well as thickness of the films same for all the compositions. The ZnO target power was 
varied from 08 to 50W and the In2O3 target power was varied from 90 to 22W. The 
deposition time for all the films was fixed to 90 minutes. Deposition rate of all the films 
was calculated after measuring film thickness and approximately found to be 3.2 nm per 
minute. In addition, we have used RTP (Rapid Temperature Processing) system ULVAC 
SINKU-RIKO’s MILA-3000 for post deposition heat treatment. We have annealed the 
thin films (both crystalline and amorphous) at different temperatures in vacuum 
environment (9.75x10-4 Torr) for 30 minute. And effect of post deposition annealed on 
electrical and optical properties has been discussed. 
 2.2 Thin films characterization techniques 
2.2.1 Hall Effect measurement 
 
The Hall Effect is based on the deflection of charge particle or carriers under the 
influence of perpendicular magnetic field.3 Consider a sample in the form of a rectangular 
bar as shown in Fig. 2.3 below. An electric field E is applied in the x-direction, while, a 
magnetic field B is applied along the positive z-direction. According to Lorentz’s law, 
force experienced by a charge particle or carrier in the orthogonal electric and magnetic 
field can be given as )( BVqF
rrr ×= , where V is the velocity of the charge particle and q is 
its electronic charge. The Lorentz force F  is thus a vector perpendicular to the plane 
containing both electric and magnetic field and given by right hand thumb rule. Therefore, 
when a magnetic field is applied to a current carrying conductor in the perpendicular to 




Experimental Techniques                                                                                       B. Kumar                         
current direction, all the free carriers will be deflected in the same direction, resulting in 
development of a voltage perpendicular to the current direction. Different polarity for 
different majority carrier (electron and holes) in the sample as shown in Fig. 2.3(b) & 
(c).4 Electrical field, EH,  also called the Hall field, is created across these sample surfaces. 
 
                                                                B • 
  + + + + + + + + +  
                                    •                                                         • 
                             (a)                                                          (b) 
I I
                                                        - - - - - - - - - - - - - 
y 
                                                                    •                            
                                                              (c) z 
I
x 
Fig.  2. 3 (a) A rectangular current carrying conductor in a perpendicular magnetic field; (b) 
Effect of magnetic field on the conductor when it has holes as majority charge carrier; (c) Effect 
of magnetic field on the conductor when it has electrons as majority charge carrier. 
 
The Hall field may be expressed in terms of the current density J as 
                                                                                                                  (2.1) JBRE HH =
where RH is defined as the Hall coefficient, which is related to the density of charge 
carriers, N, by 
                                      
Ne
RH
1=                                                                                  (2.2) 
The sign of RH depends upon the sign of the charge carrier, and is negative for electrons 
and positive for holes.  
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Hall Effect measurement described above can only yield reliable results when thin film 
samples are of some specific geometrical shape as illustrated in Fig. 2.4. To minimize the 
error in the measurement of the Hall Voltage (As current flow may not be perpendicular 
to the line joining contacts 1 and 2), both the voltage with the magnetic field V12 (±B) 
and without the magnetic field V12 (0) are usually measured. Van der Pauw showed that 
the Hall coefficient is given by 
                                










0 −−=−=                       (2.3) 
where d is the thickness of the thin film, B is the magnetic field and I34 is the current 
flowing from contact 3 to contact 4. 
           
Fig.  2. 4 Preferred geometry for the Hall Effect measure in the Van der Pauw configuration. 
 
The sample resistivity ρ can also be measured with the Van der Pauw method. In this 
case two adjacent contacts such as 2 and 3 (I23) are used as current contacts, while, the 
other two contacts are used as for measuring the Voltage drop (V41). The resultant resist-  
-ant is defined as R41, 23




Experimental Techniques                                                                                       B. Kumar                         





R =                                                                                      (2.4) 
Another measurement is made, in which the current flows through contact 1 and 3 (I13) 
instead, while the voltage is measured across contacts 2 and 4 (V24). The resulting 
resistance R24,13 can be estimated similarly to R41, 23. The resistivity, ρ, is calculated from 
these two resulting resistance from the Equation given below 
                            
2ln2
)( 23,4123.24 fRRd += πρ                                                                 (2.5) 
where f is a factor that depends on the ratio 23,4113,24 RR . f is equal to 1 when the ratio is 
exactly 1 and decreases to 0.7 when the ratio is 10. Usually a large value for this ratio is 
undesirable, and 23,4113,24 RR  is kept nearly equal to1 in this work. Resistivity, carrier 
concentration, and mobility of all the films were measured with the BIO-RAD’s 
HL55WL Hall system in a Van der Pauw configuration.  
2.2.2 Energy Dispersive X-ray spectrometry 
 
Energy dispersive X-ray (EDX) analyzer is ubiquitously attached to scanning electron 
microscope (SEM) and transmittance electron microscope (TEM) for elemental analysis. 
When an electron beam hits the material under investigation; some of the atoms are 
ionized by leaving core electrons i.e. secondary electron generation. 
In this state atoms are unstable and to reach a stable state, outer cell electrons fill the 
vacancies created by secondary electrons. This process is accompanied by the generation 
of characteristic X-rays as shown in the Fig. 2.5. In this technique, X-rays are generated 
in a region around 2 microns below the surface. Therefore, it is not a surface  
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X-ray emission 
(b) (c) (a) 
 
Fig.  2. 5 (a) Irradiation of the atom by electron beam; (b) generation of secondary electron by 
electron beam; and (c) filling of the vacancy created by secondary electron by out cell electrons 
and simultaneous emission of  characteristic X-ray. Here, hollow circle and dark filled circle     
represent electron and electron vacancies. 
characterization technique. In this thesis work, EDX attached to a Philips XLSERIE 
XL30/FEG field emission gun SEM is used for elemental analysis. The energy of the 
electron beam typically in the range of 5-20 keV has been used for analysis. The working 
distance between sample and the electron gun was kept at 10nm. The Counts Per Second 
(CPS) and DT was maintained in the range of 1000-2000 and 25-40, respectively, by 
adjusting voltage and spot size for accurate results. EDX has been used for elemental 
analysis of the films. The Zinc/(Zinc+Indium) atomic ratio (defined as M ratio) of the 
films is determined in the form of atomic percentage of individual constituent by EDX 
attached with SEM. 
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2.2.3 X-ray photoelectron spectroscopy (XPS) 
 
Photoelectron spectroscopy utilizes the photo-ionization of sample and subsequent, 
analysis of emitted photoelectrons by the excited element gives the information regarding 
the composition, electronic state, and chemical environment of the surface region in the 
sample. When the ionization radiation used for photoelectron spectroscopy is soft X-ray 
radiation (200-2000 eV), the analytical technique called XPS or X-ray photoelectron 
spectroscopy. XPS was developed in the mid-1960s by Kai Siegbahn and his co-works at 
University of the Uppsala, Sweden. This technique was first named by the acronym 
ESCA (Electron Spectroscopy for Chemical Analysis). The analysis of XPS is presented  
              (a) Photoelectron emission                       (b) Relaxation processes                                                 
 
                                               
                                                                                                                                                        
 
 










Auger electron emission 
B.E 
Fig.  2. 6 Photoelectron emission and relaxation processes atoms undergo to attain stable state. 
 
in the form of a spectrum obtained as a plot of the number of detected electrons per 
energy interval versus their kinetic/binding energy. Each element has different binding 
energy of their core electrons as a result they possess a unique XPS spectrum. What 
makes XPS a really unique technique is its ability to determine composition layer by 
layer in thin film sample; this is due to very small mean free path of electrons in a solid. 
Identification of the chemical states of the constituent elements can be obtained by exact 
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peak position, separation of the peaks.5 In addition, the composition and ratio of different 
states of the same element can quantitatively calculated by either from peak height or 
area under peak.5 XPS analysis of the films was carried out by using the VG ESCALAB-
2201-XLsystem with Mg Kα (1253.6 eV) X-ray source. When photons interact with thin 
films, they cause the photo-ionization of the surface atoms i.e. emission of the electrons 
from surface atoms. The kinetic energy of the emitted electrons is measured. The kinetic 
energy of emitted electron is related to the other material properties as follows 
                   Kinetic Energy of emitted electrons = hγ – BE - Φs                                   (2.6) 
where hγ, BE and Φs are photon energy, binding energy of the core electrons and work 
function of the material under investigation, respectively.  
The work function is taken into consideration prior to data collection. Binding energy 
represents the interaction between the core electrons and the nucleus, which in turns 
depends up on chemical environment and electronic state of the materials. This whole 
phenomenon can be easily understood by Fig. 2.6. The atoms are in excited state after 
emission of photoelectrons; therefore, they undergo a transition to attain a stable state. 
The transition process could be either auger electron emission or X-ray fluorescence 
emission as shown in Fig. 2.6. However, X-ray fluorescence is a minor process in this 
energy range. The auger electron emission occurs roughly 10-4 seconds after the 
photoelectric event. In the auger process, an outer electron falls into inter orbital vacancy, 
and a second electron is simultaneously emitted, carrying off the excess energy. The 
auger electron possesses kinetic energy equal to the difference between the energy of the 
initial ion and the doubly changed final ion, and is independent of the mode of the initial 
ionization. Thus, photo-ionization normally leads to two emitted electrons; (1) 
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photoelectron and (2) auger electron. The sum of the kinetic energies of the electrons 
emitted can not exceed the energy of the ionizing photon. In addition to this, the p, d, and 
f level become split upon ionization leading to vacancies in the p1/2, p3/2, d3/2, d5/3, 
f5/2, and f7/2 owing to spin-orbital splitting. This results in XPS doublets peaks for p, d, 
and f orbital; where as for s orbital only singlet appears in XPS. XPS has been used to 
analyze the effect of chemical environment on the constituents and chemical states of the 
constituents in the films.  
2.2.4 X-ray Diffraction (XRD) 
 
X-ray diffraction (XRD) is a very important nondestructive experimental technique that 
has long been used to address issues related to the crystal structure of bulk solids, 
including lattice constants and geometry, identification of unknown materials, orientation 
of single crystals, and preferred orientation of polycrystals, defects, residual stresses, etc.6
An incident X-ray beam can penetrate the lattice and scatter from the atoms of the crystal. 
For the characterization of polycrystalline thin films, monochromatic X-ray source is 
usually used. Such an incident X-ray impinging on a crystalline structure will be 
diffracted if the X-ray beams scattered by adjacent crystal planes are in phase 
(constructive interference) according to Bragg’s equation7: 
                                        2d sinθ = nλ,                                                                           (2.7) 
where λ is the wavelength of the X-ray source, θ is the angle of scattering (Bragg angle), 
d is the lattice spacing between adjacent crystal planes, and n is an integer that represents 
the order of diffraction. When the Bragg’s equation is satisfied, diffraction peaks 
indicating certain crystal orientation appear and d is calculated. In addition, the 
diffraction peak intensity is a qualitative measure of the degree of texturing; that is, the 
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intensity increases with the fraction of crystallites in the sample which have that atomic 
plane parallel to the surface.8 The width of the peak β (radians), at half of its maximum 
intensity is a measure of the size of the crystal grains. This is because a larger stack of 
planes contributing to destructive interference at “off-Bragg” angles results in a sharper 
Bragg peak, as described by Scherrer’s formula9: 
                                                           θβ
λ
cos
9.0 CuG =                                                         (2.8) 
When the grains are larger than the film thickness h, G = h; when they are smaller, the 
grain size G can be estimated from the above equation. 
X-ray diffraction (XRD) spectra were obtained with BRUKER AXS (model D8 
ADVANCE, λCuKα=0.154056 nm) at 40 kV and 40 mA. The thin film samples are 
characterized in two modes of XRD for this work; (1) grazing-incidence angle mode and 
(2) Bragg-Brentano scan or 2θ scan or Goniometry scan. In grazing-incidence angle 
mode the X-ray source is fixed at a very small angle (2θ=1°) with respect to sample and 
detector is rotated through 2θ to collect reflected X-ray beam. This technique is 
particularly useful for accurately measuring the atomic spacing of the planes oriented 
perpendicular to the surface. In 2θ scan, both the source and the detector are locked and 
rotated through 2θ. At values of 2θ for which the atomic periodicity, d, perpendicular to 
the film surface satisfies the Bragg condition (Equation 2.7), a peak appears from which d 
can be calculated. The d value identifies the atomic plane, and the peak intensity is a 
qualitative measurement of the degree of texturing; i.e. intensity increases with the 
fraction of crystallites in the films which have that atomic plane parallel to the surface. 
All the films are scanned from diffraction angle 2θ of 20° to 70° and scan step of 0.02° in 
both modes. The scan data is acquired from BRUKER AXS software XRD commander 
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and analyzed by Eva. Identification was achieved by comparing the X-ray diffraction 
patterns obtained from the thin film samples with an internationally recognized database 
JCPDS (International Centre for Diffraction Data). XRD analysis was extensively used to 
distinguish between amorphous and polycrystalline phase in the films. In addition, the 
XRD analysis was employed in verification of the formation of different homologous 
phases in the polycrystalline thin films. 
2.2.5 UV-Visible-Far Infrared Spectroscopy 
 
UV-visible-far infrared spectrophotometer is widely used equipment that provides 
information on the optical absorption of materials. As the name implies, absorption, 
transmittance and reflection of light with wavelengths in the near ultraviolet (UV) region 
(200–300nm) to wavelengths in the far infrared (IR) region (up to 3200nm) can be 
measured. The function of this instrument is quite straightforward. Fig. 2.7 is a diagram 
of the components of a typical double beam spectrophotometer. The UV-Vis-Far infra 
spectrophotometer uses two light sources: a deuterium lamp for ultraviolet light and a 50 
W halogen lamp for visible and infrared region. A light beam from an infrared and/or 
visible and/or UV light source is separated into its component wavelengths by a prism or 
diffraction grating. Each monochromatic beam in turn then splits into two equal intensity 
beams by a half-mirrored device. One beam, the sample beam, passes through the thin 
film sample under investigation. The other beam, the reference beam, passes through a 
reference substrate. The intensities of these light beams are then measured by electronic 
detectors. Over a short period of time, the spectrophotometer automatically scans all the 
component wavelengths in the manner described. Upon testing, the spectrum of all the 
components in the system in the absence of sample was measured firstly to determining 
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the baseline. The intensity of the baseline, together with the intensity of the reference 
beam, which should have suffered little or no light absorption, are subtracted from the 
intensity of the sample beam. Thus, the final absorption spectrum is only resulted from 
the absorption of light by the tested sample itself. 
In the current work, the films were subjected to transmittance, absorption, and reflectivity 
measurements using a SHAIMADZU UV-3101PC UV-VIS-NIR SCANNING 
spectrophotometer. The fast scanning mode (with a sample interval of 1.0) and a slit 
width of 2.0 cm were used for the measurements. The scanning region was from 
wavelength of 300 nm to 3000 nm. 
                  
 
Fig.  2. 7 A schematic diagram of double beam UV-Vis-Infra Spectrophotometer. (Adapted and 
modified from Z. Q. Liu and X. U. Yi, Journal of Zhejiang University, 34, 494 (2000).) 
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2.2.6 Atomic force microscope (AFM) and 
Conducting AFM 
 
Atomic force microscope (AFM) can provide pictures of atoms on or in surfaces and 
other information related to surfaces, such as roughness, particle size, etc. The AFM 
works by scanning a fine ceramic or semiconductor tip over a surface much the same way 
as a phonograph needle scans a record. The tip is positioned at the end of a cantilever 
beam shaped much like a diving board. As the tip is repelled by or attracted to the surface, 
the cantilever beam deflects. The magnitude of the deflection is captured by a laser that 
reflects at an oblique angle from the very end of the cantilever. A plot of the laser 
deflection versus tip position on the sample surface provides the resolution of the hills 
and valleys that constitute the topography of the surface. The AFM can work with the tip 
touching the sample (contact mode), or the tip tapping across the surface (tapping mode) 
much like the cane of a blind person. Digital Instruments NanoScope IIIa Scanning Probe 
Microscope was used to investigate the surface characteristics of the films in tapping 
mode. Surface related parameters were calculated by using the software attached with the 
instrument, NanoScope III, Version 5.12r3. Tapping mode AFM is used for surface 
imaging and roughness measurement of the polycrystalline films. 
The scanning tunneling microscope (STM) has been extensively for study of the 
electrical conductivity variation in material in nanoscale. However, in the case of STM, it 
is not feasible to distinguish between conductivity variation due to material and variation 
in morphology of the film. An alternative of STM for simultaneous measurement of local 
conductivity and morphology is conducting atomic force microscope (C-AFM). C-AFM 
has been extensively used as a tool to distinguish between conductivity variations due 
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material and variation in morphology of the film.10-12 A schematic diagram of the C-AFM 
used in this present is shown in Fig. 2.8. C-AFM study was carried out in ambient 
environment, with a commercial AFM (Molecular Imaging) in contact mode. In our setup 
the sample was isolated from ground and voltage bias varied under software control. The  
                
Fig.  2. 8 A schematic diagram of Conducting Atomic Force Microscopy (C-AFM). 
 
current was read through the tip, which is connected to a current to voltage converter 
(Keithley picoammeter model 6485). A silicon cantilever (from Nano World) coated with 
n-type doped diamond with high wear resistance was used to determine conductivity and. 
The C-AFM technique has been used to study the films to obtain both the topography and 
conductivity images simultaneously. All images are shown with the same height scale (0-
10 nm) and voltage scale (0-0.1 V) to allow for easy comparison. In C-AFM, a constant 
voltage (1V) is applied between the tip and sample and the current flow measured. The 
current is converted to a voltage by an amplifier and recorded. The conductivity images 
show the variation of the recorded amplified voltage, which is proportional to the local 
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electrical homogeneity in the amorphous thin films. 
2.2.7 Transmission Electron Microscope (TEM) 
 
In 1931 Max Knoll and Ernst Ruska had developed a new type of microscope called 
electron microscope (EM). The limitations of optical microscope whose resolution is 
limited to 0.2µm due to the wavelength of light prompted the discovery of EMs. Another 
reason of using the electron waves over other high energy waves such as X-ray is that the 
electron waves could easily be accelerated as well as reflected and deflected by the 
electric field and magnetic field, respectively. This gives a better control over focusing of 
the electron beam or waves. The wavelength of electron can be reduced by higher 
accelerating potential. As we know from De Broglie relationship, the shorter the wave 
length better would be the resolution. However, the TEM has not been able to achieve 
theoretical predicted resolutions. This is due to lack of proper control over magnetic field 
compared to conventional glass lenses. Two types of information can be obtained by the 
TEM: (1) high resolution of specimen, and (2) diffraction patterns. A high resolution 
image is obtained by the electron waves transmitted through specimen, where dark parts 
of image represent the dense or thick part of specimen and lighter parts of image 
represent the thin or less dense part of the specimen. The diffraction patterns are obtained 
by a beam of electrons impinges on a crystalline specimen. Some of the electrons pass 
though the specimen without interaction and hit the screen or film which is a distance L 
from specimen. Other electrons are diffracted through an angle θ by the crystal planes of 
spacing d and then hit the screen or film. From simple geometry, it is obtained that13
                                                  λLrd =                                                                      (2.9) 
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where λ is the electron wavelength, r is the distance of a diffraction spot from the 
undiffracted spot. As L and λ are both independent of the specimen, Lλ is called camera 
constant. After knowing Lλ and r, spacing d can be estimated. Different microstructure 
will show different diffraction patterns. Transmission electron microscopy study for the 
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Chapter 3 
Transparent Amorphous Indium Zinc 
Oxide Thin Films 
3.1 Introduction  
 
This chapter presents a systematic study of the growth and electro-optical properties of 
the amorphous region of the In2O3-ZnO system. The composition dependence of the 
amorphous region was explored. The variation of electrical resistivity and otpical 
transmittance was studied with respect to the change in the M ratio {defined as 
Zinc/(Zinc+Indium) atomic ratio}. In addition, the effect of the M ratio on the mobility of 
the morphous films was explained on the basis of the percolation theory and overlap 
integral calculations. The conduction effective masses of these amorphous films were 
calculated from the optical data and carrier concentrations of the films. The effect of M 
ratio and carrier concentration on the effective mass of the amorphous films was 
discussed. A nano-scale conductivity homogeneity in the amorphous films was studied by 
means of conducting atomic force microscopy (C-AFM), with morphology effect 
excluded by simultaneous topography mapping. X-ray photoelectron spectroscopy (XPS) 
analysis in the O 1s region was used to investigate the source of charge carrier generation 
in the amorphous region. A higher energy shift in the binding energy of In 3d region 
peaks was observed and explained. In addition, the effect of annealing under vacuum 
environment (9.75x10-4 Torr) on the structural, electrical and optical properties has been 
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studied. The effect of the composition on the amorphous to crystalline conversion was 
studied The changes in the transmittance and the optical band gap after annealing were 
studied and correlated to the variation in carrier concentration of the amorphous films. 
3.2 Results and Discussion 
3.2.1 Elemental analysis 
 
The M ratios of the films were determined in the form of atomic percentage of individual 
constituents by EDX attached to SEM (Secondary Electron Microscope) (details of the 
equipment are discussed in section 2.2.2).  
When the In2O3 target power was varied step wise from 90 W to 54W and the ZnO target 
power was varied step wise from 8 W to 26 W; the M ratio was increased as listed in 
Table no. 3.1. The films having a M ratio of 0.19 to 0.43 were found to be amorphous in 
nature (as shown in Fig. 3.1). The films thickness was maintained at around 280±10 nm   
 and the deposition time kept constant (90 minutes) for all the films.                                                            
Table 3. 1 Variation of the M ratio (Zn/(Zn+In) atomic ratio) of the films and indium atomic 










Nature of the 
film 
90 08 38.4 0.14 Polycrystalline
85 10 36.6 0.19 Amorphous 
80 12 35 0.22 Amorphous 
70 18 33.4 0.26 Amorphous 
64 21 27.5 0.40 Amorphous 
60 23 26.5 0.43 Amorphous 
54 26 24.4 0.48 Polycrystalline
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3.2.2 XRD Analysis  
 
X-ray diffraction patterns of the films having a M ratio from 0.14 to 0.48 are shown in 
Fig. 3.1. The peaks observed for the sample having a M ratio of 0.14 corresponding to the 
(222) (the higher intensity) and (211) planes (the lower intensity) positions of a pure 
In2O3. The peak observed for the film having a M ratio of 0.48 lies between the (222) 
In2O3 and (002) ZnO peak positions and corresponds to (008) plane of In2Zn2O5 1. A shift 
towards higher Bragg angle in XRD peak position for crystalline films was evident with 
an increase in M ratio from 0.14 to 0.48, and a similar trend was observed before for the 
In2O3-ZnO system2. For all the films having a M ratio from 0.19 to 0.43, we, however, 
did not observe any sharp peak; but only a hump in the range 29°- 35° indicated by 
vertical lines in Fig. 3.1 with the maxima around 32.4°. Therefore, the region with M 
ratio from 0.19 to 0.43 was classified as amorphous region. The composition (i.e. M ratio 
from 0.19 to 0.43) of the amorphous region falls into the transition zone between the                         
In2O3-rich and the homologous region. There was no change in the position of maxima of 
the hump with an increase in the M ratio from 0.19 to 0.43. This suggests that all films in 
the amorphous region might be belonging to the same system. A careful investigation of 
XRD plots of the sample having a M ratio of 0.14 indicted a shoulder in the (222) plane 
diffraction peak, on resolving this peak into a sharp peak which correspond to the (222) 
plane of In2O3 and a hump belonging to amorphous indium zinc oxide (IZO) as shown in 
Fig. 3.2a. In addition to this, the film having a M ratio of 0.48 also revealed a sharp 
diffraction peak (2θ= 30.88°) of In2Zn2O5 superimposed on a hump which corresponding 
to amorphous IZO as shown in Fig. 3.3b. The grain size of polycrystalline films were 
calculated by Scherrer’s formula {Equation (2.8)} 
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                                    θβ
λ
cos
9.0 CuG =                                                                (3.1) 
where Cuλ , β , and θ  are copper  wavelength (0.154056 nm), Full Width Half 
Maxima (FWHM) of the Bragg diffraction peaks, and Bragg angle corresponding to the 
diffraction peak, respectively. The 
1αK
β  for the films having a M ratio of 0.14 and 0.48  
 




















Fig. 3. 1 X-ray diffraction patterns of indium zinc oxide having a Zinc/(Zinc+Indium) atomic 
ratio (M ratio) of  (a) 0.14, (b) 0.19, (c) 0.22, (d) 0.26, (e) 0.40, (f) 0.43, and (g) 0.48. (*) denotes 
the pure In2O3 peaks. The two vertical straight lines represent two ends of the hump due to 
amorphous films and denote the Bragg angle values of 29° and 35°. 
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C 
Fig. 3. 2  (a) XRD pattern of the film having a M ratio 0.14. The diffraction peak of 222 plane of 
pure In2O3 has been resolved from hump appeared due to present of amorphous IZO in the films.  
(b) XRD pattern of the film having a M ratio of 0.48; the peak has been resolved into a diffraction 
peak corresponds to polycrystalline Zn2In2O5 and a hump due to amorphous IZO. (c) High 
resolution transmission electron microscopy image of the film having a M ratio of 0.48. 
found to be 0.58° and 0.74°, respectively. The average grain size of the films having a M 
ratio of 0.14 and 0.48, calculated by using Equation (3.1), were 15.9 nm and 12.5 nm, 
respectively. High-resolution TEM image of the film having a M ratio of 0.48 is shown in 
Fig. 3.2c. It clearly shows the presence of nano crystalline phase in amorphous matrix 
and the crystal size is about 10 nm. 
3.2.3 Electrical and Optical properties  
 
The Hall Effect measurement in conjunction with free carrier absorption can be used to 
determine the effective mass of electrons and holes in a semiconductor. The Drude model 
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has been extensively employed in the analysis of the free carrier absorption for 
transparent conducting oxides.3 According to the classical Drude model, plasma 













,                                                              (3.2)                          
where °ε  and ∞ε  represent the free space dielectric constant and the high frequency 
dielectric constant of  the film, respectively. e, C, and N are electron charge, speed of 
light in vacuum, and carrier concentration, respectively. The plasma resonance 
wavelength, pλ , is related to the reflectivity minima wavelength, λmin, as4




ελλ p .                                                     (3.3) 
The reflectivity minima wavelengths of the films having different M ratios were obtained 
from reflectivity spectra in far infrared region as shown in Fig. 3.3 and listed in Table 3.2. 
The value of the high frequency dielectric constant for both In2O3 and ZnO materials was 
reported to be 4 by Hamberg et al.5, 6 and Jin et al.7. Marcel et al.8 had also found similar 
value of limiting frequency of the longitudinal optical vibration for indium zinc oxide 
polycrystalline films having a M ratio of 0.50 and 0.88. In addition, Marcel et al.8 used 
the same value of the high frequency dielectric constant (4) for the effective mass 
calculations of  the polycrystalline indium zinc oxide films a having different M ratios. 
The plasma resonance wavelength, pλ , was calculated by using the high frequency 
dielectric constant equal to 4 for all the films irrespective of their composition. The 
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carrier concentration and the plasma resonance wavelength are mutually interdependent 
quantities and inversely proportional to each other.3  In the amorphous region, the plasma 
 
        



























Fig. 3. 3 Reflectivity spectra of the amorphous thin films. Spectrum a, b, c, d, and e represent the 
films having a M ratio of 0.19, 0.22, 0.26, 0.40, and 0.43, respectively.  
 
                                                                                                                                                                        
resonance wavelength, pλ , initially decreased from 1824.57 nm for the film having a M 
ratio of 0.19 to 1677.78 nm for the film having a M ratio of 0.22 and then gradually 
increased to 2193.81 nm for the film having a M ratio of 0.43. However, the carrier 
concentration increased from 2.17x1020 cm-3 for the film having a M ratio of 0.19 to 
2.30x1020 cm-3 for the film having a M ratio of 0.22. Then, gradually decreased to 
1.65x1020 cm-3 for the film having a M ratio of 0.43. The effective masses of the films 
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having different M ratios were calculated by substituting their respective plasma 
resonance wavelength, pλ , in Equation (3.2)  and are listed in Table 3.2. The effective 
mass initially decreased from 0.16m۪ (m۪ being the effective mass of free electron) for the 
film having a M ratio of 0.19 to 0.15m۪ for the film having a M ratio of 0.22, then 
increased to 0.19m۪ for the film having a M ratio of 0.40 and finally dropped down to 
0.17m۪ for the film having a M ratio of 0.43.The effective mass in the amorphous region 
was found to be less than 0.2m۪. Marcel et al.8 reported a mobility value less than 30 
cm2/Vs for a crystalline indium zinc oxide film having effective mass of slightly higher 
than 0.30m۪  with a similar M ratio . In our case the amorphous films have mobility higher 
than 55 cm /Vs which is consistent with the lower effective mass of the amorphous films. 2
 
Table 3. 2  M ratio {Zinc/(Zinc+Indium) atomic ratio} of the films and their corresponding 
carrier concentration (N), reflectance minima wavelength (λmin), plasma wavelength (λp), and 















mass ( ) *em
0.14 3.73 1308.02 1510.37 0.19 m۪ 
0.19 2.17 1580.13 1824.57 0.16 m۪ 
0.22 2.30 1453.00 1677.78 0.15 m۪ 
0.26 2.15 1670.41 1928.82 0.18 m۪ 
0.40 1.83 1852.78 2139.41 0.19 m۪ 
0.43 1.65 1899.89 2193.81 0.17 m۪ 
0.48 1.26 2112.57 2439.39 0.20 m۪ 
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The variation of the mobility and the carrier concentration with the M ratio of the films is 
shown in Fig 3.4. The mobility in the amorphous region of the In2O3-ZnO system was 
higher (71.2 cm2/Vs to 59.4 cm2/Vs) compared to other amorphous TCOs such as, 
Cd2SnO4 (20 cm2/Vs)9, AgSbO3 (6.7 cm2/Vs)10, 2CdO.GeO2 (12 cm2/Vs)11, 2CdO.PbO2 
(10 cm2/Vs) 12, InGaO3(ZnO)m (21 cm2/Vs)13, and Zn doped In2O3 (20 to 30 cm2/Vs)14. 
Indium provides a conducting path in the polycrystalline form of the In2O3-ZnO system 
having M ratio greater than 0.3 and less then 0.9.15 However, for an amorphous system 
having more than one metal ion, the percolation theory should be considered to decide 
the conduction path provider cation. The site percolation threshold for closed packed fcc 
and bcc system is 0.198 and 0.246, respectively.16 The composition of the amorphous 
films lies in the transition zone between the In2O3-rich region and the homologous region, 
however, their corresponding crystalline phase (obtained by annealing of the amorphous 
thin films at higher temperature) show only pure In2O3 peaks which has bcc structure 
(effect of the annealing is discussed later in this chapter). This implies that only those 
metal ions which have occupied more than 25% of all ion sites in an amorphous can play 
dominant role in providing conductivity.13 Another criteria which these metal ions must 
satisfy is that the overlap integral function of ‘ns’ orbital (where n is the principle 
quantum number) should be larger than a threshold value of about 0.4.13 In all the 
amorphous films only indium ion satisfies both the above mentioned conditions. The 
films having M ratios of 0.19, 0.22, 0.26, 0.40, and 0.43 have indium content of 36.6%, 
35%, 33.4%, 27.5% and 26.5%, respectively. This implies that indium ion constituted 
more than 25% of all the ions in all the films, thus satisfying the first condition. 
Furthermore, indium ‘5s’ orbital has an overlap integral value above the threshold value 
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of 0.40 even for large variation in bond angle (80° to 140°) of metal oxygen bond (M-O-
M),13 which is bound to happen in amorphous state. The overlapping of vacant ‘ns’ 
orbital (n ≥ 4) is the main cause of good mobility in amorphous state since the magnitude 
of the overlap between relevant ‘s’ orbitals is not affected by the structural irregularity of 
the amorphous state owing to its spherical shape. Thus, we believe that indium provides 
conducting path in the amorphous region of the In2O3-ZnO system. The mobility of the 
degenerate polycrystalline TCOs strongly depends upon the impurity-ion concentration 
(oxygen vacancies etc.), and this is also true for the In2O3-ZnO system.2, 3 In the 
amorphous region, the carrier concentration increases from 2.17x1020 cm-3 for the films 
having a M ratio of 0.19 to 2.30x1020 cm-3 for the film having a M ratio of 0.22, then 
monotonously decreases to 1.65x1020 cm-3 for the film having a M ratio of 0.43. All the 
films considered were n-type degenerate semiconductors with carrier concentrations 
greater than 1019cm-3. As the carrier concentration increases from 2.17x1020 cm-3 for the 
film having a M ratio of 0.19 to 2.30x1020 cm-3 for the film having a M ratio of 0.22 there 
is an increment in the density of the scattering centers, and then the carrier concentration 
monotonously decreased to 1.65x1020 cm-3 for the film having a M ratio of 0.43 which 
leads to a reduction in the density of scattering centers. However, we observed that in the 
amorphous region there was a gradual decrease in the mobility from 71.6 cm2/Vs (for M 
ratio of 0.19) to 59.4 cm2/Vs (for M ratio of 0.43). The reason behind this gradual 
decrease could be the reduction in the indium content from 36.6% to 26.5%, which is a 
conduction path provider cation, as the M ratio increases from 0.19 to 0.43. Thus we 
conclude that in this amorphous region of the In2O3-ZnO system the conduction path 
provider cation is the most significant factor affecting conduction in the thin films                                     
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Fig. 3. 4 Carrier concentration, mobility, and optical band gap variation with respect to the M 
ratio. In amorphous region i.e. M ratio of 0.19 to 0.43, there is a monotonous decrease in mobility 
due to reduction in indium content. 
 
. 
The mean free path of the charge carrier has been estimated using the relation 
                                ( )( ) µπ 3132 Nehl = ,                                                                     (3.4) 
where h, N, µ and e denote the Planck constant, carrier density, mobility and elementary 
electrical charge, respectively. The mean free paths of the amorphous films having a M 
ratio of 0.19, 0.22, 0.26, 0.40, and 0.43 were 4.09, 3.88, 3.68, 3.31, and 3.09 nm, 
respectively calculated from Equation (3.4). The magnitude of the mean free paths of all 
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the amorphous films were about ten times of inter-atomic distance which typical has a 
value of few angstroms (2 to 4 Å). Owing to their large mean free paths, we do not expect 
any “p-n anomaly” in these amorphous films which is a common phenomenon in 
tetrahedral amorphous semiconductors, represented by hydrogenated amorphous Si. In 
addition, we observed a gradual decrease in the mean free path of the amorphous films 
from 4.09 nm to 3.09 nm as the M ratio increased from 0.19 to 0.43. The resistivity of the 
amorphous films steadily increases from 4x10-4 Ωcm to 6.4x10-4 Ωcm as M ratio of the 
films increases from 0.19 to 0.43.This shows that the variation of the mean free path of 
the charge carriers is consistent with the resistivity variation of the amorphous films. 
All the films show good transmittance of 85-95% in the visible region (400-800 nm) 
irrespective of their composition. Transmittance of all the films in the amorphous region 
was above 85 % in the 1.30 to 1.55 µm range (fiber optics telecommunication range) as 
shown in Fig. 3.5 which make these materials suitable for transparent electrode 
applications for high speed photo detectors such as Metal-Semiconductor-Metal Photo-
detector (MSM PD) and Schottky Photo-detector. Amorphous ITO, however, shows a 
transmittance less than 80% in the 1.30 to 1.55 µm range.17 In addition, we observed a 
change in the transmittance of the films with different compositions in the infrared region. 
 The transmittance in the infrared region increased with the M ratio of the films except 
for the film having a M ratio of 0.22. The absorption coefficient (α) in the infrared region 
is related to the carrier concentration (N), and the Hall mobility ( Hµ  ) of the carriers and 
is given by18  






= ,                                                                          (3.5)      
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Fig. 3. 5 Variation of the transmittance with the M ratio of the films in wavelength range of 1100 
nm to 2500 nm; a, b, c, d, e, f, and g represent the film having M ratio of  0.14, 0.19, 0.22, 0.26, 
0.40, 0.43, and 0.48, respectively. 
where C is a constant and λ is the wavelength of the incident radiation. The carrier 
concentration of the film having a M ratio 0.22 (2.3x1020 cm-3) was higher than the film 
having a M ratio of 0.19 (2.17x1020 cm-3) and the mobility (66.6 cm2/Vs) of the same 
film is less than that of the film having a M ratio of 0.19 (71.6 cm2/Vs). This explains the 
lower transmittance of the film having a M ratio of 0.22 comparing with the film having 
M ratio of 0.19. The optical band gap of the amorphous region was estimated using Tauc 
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relation (αhγ)1/2 = B (hγ - Eg) as shown in Fig. 3.6 and the optical band gap for the 
crystalline thin films was obtained using Tauc’s plot for direct band gap measurement 
((αhγ)2 versus hγ). In a degenerate semiconductor, the conduction band is partly filled, 
which leads to an optical band gap that varies with the carrier concentration. The change 
in the optical band gap in a degenerate semiconductor can be explained on the basis of 
the Burstein-Moss shift, which is given as19  
                                    ∗=∆ m
KhE Fg 2
22
8π ,                                                                        (3.6) 
Where KF = (3πN)1/3 is the Fermi wave number, m* is the effective mass, and N is the 
carrier concentration. It is important to mention here that this widening of the optical 
band-gap is partly compensated by a downward shift of the conduction band (band tailing) 
and an upward shift of the valence band, which occurs as a consequence of electron-
electron and electron-impurity scattering.20-22 The band-gap narrowing because of heavy 
doping is quite common in silicon.23 A similar anomaly was observed by Naghavi et al. 2 
for polycrystalline the films having M ratio less than 0.4. In this case, Naghavi et al. 2 did 
not observe the Burstein-Moss effect for the films having M ratio less than 0.4 and on 
contrary they observed a reduction in the optical direct band gap with increase in the                         
carrier concentration. They assumed that Zn2+ ionized impurities would act as electron        
traps in the In2O3 lattice; when the content of these defects increases, corresponding 
localized levels within the band-gap would overlap with the bottom of the conduction 
band, thus reducing the optical band-gap, and the releasing the trapped electrons. 
Therefore, we can say that mechanisms responsible for the band-gap narrowing are more 
dominant compared to Burstein-Moss effect for polycrystalline indium zinc oxide having 
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M ratio less than 0.4. In the amorphous region having M ratio in the range 0.19 to 0.43, 
the optical band gap increased from 2.76 eV for the film having a M ratio of 0.19 to 3.05  
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Fig. 3. 6 Photon energy, hγ, (eV) dependence of (αhγ)1/2 of all the films, where α is absorption 
coefficient. Linear parts of the curves were extrapolated to obtain the optical band gap of the 
amorphous films. 
eV for the film having a M ratio of 0.22, then gradually decreased to 2.66 eV for the film 
having a M ratio of 0.40, which can be explained on the basis of the Burstein-Moss law. 
However, the optical band gap increased from 2.66 eV for the film having a M ratio of 
0.40 to 2.77 eV for the film having a M ratio of 0.43 even though the carrier 
concentration decreased from 1.85x1020 cm-3 to 1.65x1020 cm-3.  This anomaly is not 
clearly understood.  
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3.2.4 Conducting Atomic Force Microscopy 
study  
 
The conductivity and topography images of the films having M ratio 0.14, 0.19, 0.43, and 
0.48 are shown in Fig. 3.7. For the films having M ratios 0.14and 0.48, highly conducting 
small regions had been observed within a matrix of relatively lower conductivity. A 
careful analysis of the topographic image and simultaneously taken conductivity images 
reveal that the conductivity inhomogeneity is because of surface morphology of the 
samples (Fig. 3.7A and 3.7D). Typical conductivity images of amorphous films having M 
ratio of 0.19 and 0.43 are shown in Fig. 3.7B and 3.7C, respectively. It should be 
mentioned that even for the amorphous films having M ratios of 0.22, 0.26 and 0.40; we 
did not observe any conductivity inhomogeneity which are not shown here. A 
comparison of the conductivity images of all the films suggests that the slightly lower 
conductivity regions present in the films were amorphous phases of the films with M 
ratios of 0.14 and 0.48. It has been widely reported that In2Zn 2O5 is the most conducting 
phase in the In2O3-ZnO system.24, 25 The high conductivity phase in the film having M 
ratio 0.48 is possibly polycrystalline In2Zn 2O5, which is congruent with the XRD pattern 
of the film. In a similar manner, we can conclude that high conductivity crystalline phase 
present in the films having M ratio 0.14 is In2O3. This study using C-AFM opens a new 
approach of study the transparent conducting oxide for estimating the presence of nano-
crystallites which may be detrimental in transparent a-TFT in the application point of 
view. 
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Fig. 3. 7 Conducting atomic force microscopy (C-AFM) images of the films having M ratios (A) 
0.14, (B) 0.19, (C) 0.43 and (D) 0.48, respectively. The left hand side images are topography 
images and the right hand side images are conductivity images of the films. And curves below the 
images represent line-scan profiles. All the images are at the same scale. 
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3.2.5 X-ray Photoelectron Spectroscopy study  
 
XPS spectra of In 3d region of the amorphous IZO is shown in Fig. 3.8; it revealed a 
doublet for all the amorphous films. The doublet peaks had binding energies 444.5±0.2 
and 452±0.3 eV corresponding to In 3d5/2 and In 3d3/2 peaks, respectively. For all the 
amorphous films, the difference in the binding energies of  In 3d5/2 and In 3d3/2 peaks was 
almost constant and equal to 7.5±0.3 eV, in agreement with the literature.26 However, the 
binding energies of the doublet peaks are slightly higher (around 0.5 eV) than what had 
 
           



















Fig. 3. 8 XPS spectra of the In 3d region; curves (a), (b), (c), (d), and (e) represent the films 
having M ratio 0.19, 0.22, 0.26, 0.40, and 0.43, respectively. In 3d5/2 and In 3d3/2 peaks are 
located at 444.5±0.2 and 452±0.3 eV, respectively, for all the compositions.  
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been reported in the literature and observed by us for the homologous region 
(polycrystalline films) of the same system.26, 27 A Similar phenomena was also observed 
in the case of amorphous ITO and it was explained on the basis of different change 
accumulation on amorphous and crystalline regions which leaded to charge shifts rather 
than chemical shifts.28-30 Therefore, we suggest that the increase in the binding energy of 
In 3d doublet peaks was due to amorphous nature of the films which augurs well with the 
XRD patterns of the films as shown in Fig. 3.1. 
    

















Fig. 3. 9 XPS spectra of Zn 2p3/2 region; curves (a), (b), (c), (d), and (e) represent the films having 
M ratios 0.19, 0.22, 0.26, 0.40, and 0.43, respectively. 
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XPS spectra of Zn 2p3/2 region of amorphous IZO films are shown in Fig. 3.9. The 
binding energy of the Zn 2p3/2 peak for all the amorphous films was found to be 
1022.5±0.3 eV irrespective of their composition. In this amorphous region we did not 
find any asymmetry in Zn 2p3/2 peak which was observed for the homologous region and 
asymmetry might be due to typical crystal structure of the homologous region.27 Absence 
of asymmetry in Zn 2p3/2 peak of the films having M ratio in the range of 0.19 to 0.43 is 
consistent with our earlier observation of amorphous nature of these films. 
Fig. 3.10a-e shows XPS spectra of the O 1s region of all amorphous thin films. All the 
curves except Fig. 3.10b were best fitted using a Shirley type base line with pure 
Gaussian profiles with   fixed FWHM. In case of the Fig. 3.10b, best fit is only achieved 
by using a Shirley type base line with mixed Gaussian (15%) and Lorentzian (85%) 
profiles. The XPS spectra of the O 1s region for all the amorphous films were found to 
have two characteristic peaks at 530.2±0.2 eV and 531.9±0.2 eV. Ishida et al.31 observed 
two O 1s for ITO and proposed that the lower and the higher energy peaks represented 
crystalline and amorphous phases in their thin films, respectively. No crystalline clusters 
were observed in XRD analysis of the films having M ratio from 0.19 to 0.43 as shown in 
Fig. 3.2. Therefore, if we consider Ishida et al.31 model, we should observe only the 
higher energy peak in the amorphous films having M ratio in the range 0.19-0.43, which, 
however, is not the case. In addition, we also observed two XPS peaks in O1s region for 
polycrystalline IZO.27 This implies that the model proposed by Ishida et al.31 does not fit 
well with our observation. 
Fan and Goodenough32 offered a different explanation for the appearance of two peaks in 
the XPS spectra of the O 1s region. According to them, the peak with higher energy in                        
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the O 1s region originated from oxygen in the oxygen deficient region. For oxygen in the 
vicinity of the oxygen deficient region, the electron density as well as the screening of the 
O2-:1s electron from the nucleus decreases. This enhances the effective nuclear charge of 
O2- in the vicinity of a vacancy in comparison with O2- far away from a vacancy. It is  
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Fig. 3. 10 XPS spectra of the O 1s region with two resolved peaks obtained by using a Shirley-
type base line with pure Gaussian profiles for the films of (a) M ratio of 0.19, (c) M ratio of 0.26, 
(d) M ratio of 0.40, and (e) M ratio of 0.43. And (b) XPS spectra of the O 1s region with two 
resolved peaks obtained by using a Shirley-type base line with mixed Gaussian profiles(15%) and 
Lorentzian (85%) profiles for M ratio of 0.22. 1s represents oxygen atoms in the vicinity of 
an oxygen vacancy and  1s represents oxygen atoms at a regular position. 
HO
LO
well known that the oxygen vacancies act as a source of electron charge carriers in TCO. 
Therefore, we tried to correlate the carrier concentration with the area ratio of the high 
energy oxygen peak ( ) to the low energy oxygen peak ( ) for all the films. The 
area ratio increased sharply from 0.73 to 3.04 as M ratio increased from 0.19 to 0.22 and 
then, monotonously decreased to 0.84 with increase in the M ratio of the films. The 
carrier concentration had shown a similar pattern of variation with M ratio as shown in 
Fig. 3.5. It increased from 2.17x10
HO LO
20 cm-3 for the film having a M ratio of 0.19 to 
2.30x1020 cm-3 for the film having a M ratio of 0.22 and then gradually decreased to 
1.65x1020 cm-3 for the film having a M ratio 0.43. This suggests that in these amorphous 
films oxygen vacancies are prime source of carrier generation. The carrier generation due  
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to oxygen vacancies can be elucidate by following Equation, 
                             ↑++↔ 2'' 2
12 OeVO OO .                                                                  (3.7) 
3.2.6 Effect of Vacuum Annealing  
 
All amorphous films were annealed at 500°C and 600°C. In addition to 500°C and 600°C, 
the amorphous films having a M ratio of 0.26, 0.40, and 0.43 were also annealed at 
700°C. The main aim of this study was to analyze the effect of phase change from 
amorphous to crystalline on electric and optical properties of the amorphous films. XRD 
spectra of the amorphous films annealed at different temperatures are shown in Fig. 3.11. 
It has been reported that zinc doped In2O3 amorphous films deposited at room 
temperature on glass crystallized under annealing at 500°C33 and amorphous IZO films 
deposited on polymer substrate crystallized at temperatures around 400°C14. However, 
we did not observe any change in the phase of amorphous films annealed at 500°C. For 
the IZO film grown on polymer substrate14, the percentage of ZnO (15.9%) is relatively 
lower compared to the amorphous films under the investigation (higher than 19%). For 
the IZO film grown on glass33, higher vacuum lever as well as different annealing 
condition could be the possible reasons for lower temperature of crystallization. For films 
having M ratio of 0.19 and 0.22 when annealed at 600°C, a transition from amorphous to 
crystalline phase is observed. But the films having M ratio of 0.26, 0.40, and 0.43 
preserved their amorphous nature even after annealing at 600°C. Choy33 reported the 
formation of several homologous phases as a result of crystallization of the amorphous 
Zn doped In2O3 films after annealing in vacuum as well as in argon. In XRD plots, five  
peaks were observed after the films having M ratio of 0.19 and 0.22 annealed at 600 °C, 
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however, no peaks were observed for the films having M ratios of 0.26, 0.40, and 0.43 as 
shown in Fig. 3.11b. All the XRD peaks belonging to pure In2O3 (corresponding to (211), 
(222), (400), (440) and (622) planes of In2O3) appeared for the films having M ratios of  
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Fig. 3. 11 XRD patterns of the amorphous films annealed (a) at 500°C, (b) at 600°C, and (c) at 
700°C for 30 minutes in vacuum (9.75x10-4 Torr). 
0.19 and 0.22 after annealing at 600°C as shown in Fig. 3.11b.34 This was consistent with 
crystallization temperature reported between 500°C to 600°C for the Zn doped In2O3 
(10% of ZnO).35 The amorphous films having M ratios of 0.26, 0.40, and 0.43 annealed 
at 700°C did show a sign of phase change from amorphous to crystalline with the advent 
of pure In2O3 peaks in XRD spectra as shown in Fig. 3.11c. Thus, it is concluded that the 
amorphous nature of the films becomes more stable with increasing Zn content. This 
suggests the higher stability of amorphous IZO under investigation compared to the 
reported results is due to higher ZnO percentage in the films. The appearance of only 
In2O3 peaks in XRD spectra may be due to the separation of In2O3 from amorphous phase. 
The advantage of these amorphous IZO films over ITO is because of their extremely high 
thermal stability. Grain size of the films crystallized after annealing was calculated by 
Scherrer’s formula {Equation (3.1)}. All amorphous films crystallized after annealing                          
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 have average grain size higher in the range 22-29nm.    
The electrical properties of the amorphous films annealed at different temperatures are 
listed in Table 3.3. The carrier concentration of all the amorphous films increased 
significantly after annealing at 500°C in vacuum compared to the as grown films. We 
suspect that this is due to oxygen desorption from the films due to high temperature 
annealing and low partial pressure of ambient oxygen. Desorption of one molecule of 
oxygen would generate four conduction electrons as clearly illustrated by Equation 3.7. 
This also indicates that 500°C was higher than the oxygen desorption temperature in the 
amorphous IZO films. Similar trend was observed for ITO3 and undoped ZnO films 
prepared by spray pyrolysis36. However, Jung et al.35 reported a decrease in carrier 
concentration for Zn doped amorphous In2O3 after annealing in vacuum for one hour at 
300°C and postulated p-type doping of Zn in In2O3 to be the possible reason.35 We 
suspect that the decrease in carrier concentration in the case of Jung et al.35 might be due 
to relatively higher annealing pressure and low annealing temperature as compared to our 
case. Contrary to plausible notion we observed a decrease in carrier concentration for 
films annealed at temperatures higher than 500°C as compared to films annealed at 
500°C. This might be due to possible diffusion of alkali metal ions in the films from glass 
substrate above annealing temperature of 600°C.37, 38
Mobility of all the amorphous films decreased after annealing irrespective of their 
composition. For the film having a M ratio of 0.19 mobility decreased from 71.6 to 42.4 
cm2/Vs after annealing at 500°C, whereas for the film having a M ratio of 0.26 mobility 
decreased from 64.7 to 47.8 cm2/Vs after annealing at 500°C. The decrease in the 
mobility after annealing is possibly due to the enhancement of scattering mechanisms 
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 Table 3. 3 Listed below is the electrical properties and optical band gap of the amorphous thin  
















As grown 21.7 2.7609 71.6 0.0004024
500°C 53 2.89 42.4 0.00027760.19 
600°C 16.5 3.74 18.7 0.00202 
As grown 23 2.8081 66.6 0.0004085
500°C 52.6 2.91337 42.3 0.00028020.22 
600°C 28.4 3.711 24.8 0.0008856
As grown 21.5 2.7765 64.7 0.0004499
500°C 38.5 3.3025 47.8 0.0003392
600°C 30.4 2.9021 48 0.000427 
0.26 
700°C 6.40 3.71 23 0.004227 
As grown 18.5 2.6622 61.1 0.0005532
500°C 26.9 3.1923 50.7 0.000458 
600°C 24.1 2.849 41.9 0.0006179
0.40 
700°C 2.2 3.71 31.1 0.009178 
As grown 16.5 2.77 59.4 0.000637 
500°C 25.4 2.804 56 0.000477 
600°C 20.7 2.70 46.1 0.0006559
0.43 
700°C 3.85 3.71 14.3 0.01213 
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 Table 3. 4 Listed below are the reflectance minima wavelength (λmin), the plasma wavelength 




-4 Torr) for 30 minutes. Here m ۪ represents the effective mass of free electron. 
 
M ratio Reflective minima 





N, (1019 cm-3) 
Effective 
mass ( ) *em
0.19 1319 1523 53 0.27 m◦
0.22 1341.4 1548.9 52.6 0.28 m◦
0.26 1477.5 1706.2 38.5 0.25 m◦
0.40 1607.8 1856.6 26.9 0.20 m◦
0.43 1795 1989.8 25.4 0.23 m◦
 
 
such as ionized impurity scattering. As carrier concentration increased after annealing, 
there will be an increase in the density of scattering centers. This would augment 
scattering of charge carrier due to ionized impurities. For the films annealed at 
temperature 600°C or higher, alkali metal ions diffusion into the films from substrate 
contributes significantly to ionized impurity scattering even though there was a decrease 
in the carrier concentration. However, Jung et al. reported an increase in mobility for Zn 
doped amorphous In2O3 after annealing in vacuum for one hour at 300°C and explained 
this phenomenon on the basis of improvement of crystallinity after annealing.35 The 
effective mass of the amorphous films annealed at 500°C has been estimated by using 
Drude model and plasma wavelength has been calculated from reflection minima by 
using Equation (3.3). Details of this method were discussed earlier in section 3.2.3. The 
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effective masses of the amorphous films increased after annealing at 500°C as listed in 
Table 3.4. The effective mass increase after heat treatment was consistent with reduction 
of the mobility after annealing at 500°C. Minami et al.39 observed similar phenomena for 
cadmium tin oxide (CTO) annealed in hydrogen. The effective masses increased from 
0.16m◦, 0.15m◦, 0.18m◦, 0.19m◦, and 0.17m◦ to 0.27m◦, 0.28m◦, 0.25m◦, 0.20 m◦, and 
0.23m◦, respectively, for the amorphous films annealed at 500°C and having M ratios of 
0.19, 0.22, 0.26, 0.40, and 0.43, respectively. The extent of mobility degradation of the 
amorphous films after annealing seemed proportional to the enhancement of the effective 
mass; for example mobility degraded from 71.6 to 42.4 cm2/Vs as the effective mass 
increased from 0.16m◦ to 0.27m◦ after the film having M ratio of 0.19 annealed at 500°C,                         
where as, mobility degraded from 61.1 to 50.7 cm2/Vs as the effective mass increased 
from 0.19m◦ to 0.20m◦ after the film having M ratio of 0.40 was annealed at 500°C. 
All amorphous films showed tremendous increase in resistivity after amorphous phase 
changed to crystalline phase. Increments in resistivity accompanied crystalline phase 
formation for the films having M ratios of 0.19, 0.22, 0.26, 0.40, and 0.43 are typically 5, 
2, 10, 18 and 20 times, respectively. However, for the annealed films whose amorphous 
nature was preserved even after annealing did show improvement in its conductivity 
compared to the as grown films. All the amorphous films irrespective of their 
composition when annealed at 500°C showed a reduction of more than 30% in their 
resistivity. The enormous increment in resistivity accompanied crystalline phase of the 
amorphous films was due to simultaneous decrease in carrier concentration and mobility 
of the films like, the film having a M ratio 0.26 carrier concentration decreased from 21.5 
to 6.4 cm-3 and mobility reduced from 65.4 to 23 cm2/Vs as listed in Table 3.3. 
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Fig. 3. 12 Transmittance spectra of the films having a M ratio of (a) 0.19 and (b) 0.43. The shift 
of absorption edge towards low wavelength after annealing in vacuum is clearly illustrated by the 
transmittance spectra. 
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Generally, there are two main effects of annealing on the transmittance of n-type 
degenerate TCOs: (1) shift in the fundamental absorption edge and (2) significant change 
in transmittance in infra-red and far infra-red region. Both of these effects are related to  
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Fig. 3. 13 Transmittance spectra of as grown amorphous films as well as annealed thin films at 
different temperature having a M ratio of (a) 0.19, (b) 0.22, (c) 0.26, and (d) 0.43. Transmittance 
of as grown films is better than those of annealed films. 
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the change in the carrier concentration of the films after annealing in various 
environments. The shift of the absorption edge could be explained on the basis of 
Burstein-Moss shift (Equation 3.6)19. The change in the transmittance in long wavelength 
region is due to the strong dependence of absorption coefficient on the wavelength 
(Equation 3.5), which magnifies the effect of the variation of the carrier concentration. 
The transmittance spectra of the film having a M ratio 0.19 in short wavelength range 
before and after heat treatment are shown in Fig. 3.12a. After heat treatment in vacuum at  
500°C, there was a shift towards short wavelength in the absorption edge. This is due to 
the increase in carrier concentration after heat treatment. Even though carrier 
concentration decreased after annealing at 600°C, there was a shift towards short 
wavelength of the fundamental absorption edge with respect of the as grown film and the 
film annealed at500°C. This was due to the formation of pure In2O3 which has higher 
band gap energy (3.7 eV) compared to amorphous indium zinc oxide (3.05 to 2.66 eV). A 
similar trend was also observed for other amorphous films as shown in Fig. 3.12b for the 
film having a M ratio of 0.43. It was evident from Fig. 3.13 that the transmittances of all 
the amorphous films reduced after heat treatment irrespective of their composition. One 
noteworthy point here is that the transmittance of the amorphous films annealed at 500°C 
is lower than that of film annealed at 600°C for all the amorphous films in long 
wavelength range. This augurs well with free carrier absorption theory since carrier 
concentration reduces after annealing at 600°C as compared to films annealed at 500°C. 
The optical band gap of the amorphous films was estimated using Tauc relation (αhγ)1/2 = 
B (hγ - Eg) and the optical band gap for the polycrystalline films was obtained using 
Tauc’s plot for direct band gap measurement ((αhγ)2 versus hγ). The optical band gaps of 
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the amorphous films which crystallized after heat treatment having M ratios 0.19, 0.22, 
0.26, 0.40, and 0.43 were 3.74, 3.72, 3.71, 3.71 and 3.71 eV, respectively. The optical 
band gaps of these crystalline films were consistent with XRD patterns of these films 
which showed only several pure In2O3 peaks as in Fig. 3.11. The optical band gaps of the 
amorphous films increased after annealing in vacuum for 30 minutes at 500°C 
irrespective of their composition. In addition, the band gap of the films having M ratios 
of 0.26, 0.40, and 0.43 decreased after annealing at 600°C compared to films annealed at 
500°C as listed in Table 3.3. A similar trend has been observed for carrier concentration 
as listed in Table 3.3 and elaborated before. This suggests that all the amorphous thin 
films follow Burstein-Moss law19 and are degenerate in nature. 
3.3 Summary and Conclusions 
 
We investigated the amorphous region of the In2O3–ZnO material system. The 
composition dependence of the amorphous region was explored and the films exhibited 
an n-type semiconductor behavior with low resistivities in the range of 4x10-4-6.33x10-4 
Ω-cm. These amorphous films have a very wide transmittance window in the range of 
300-2500 nm. The transmittance is higher than 85% in the fiber optics 
telecommunication window of 1.30-1.55 µm. And in addition, this system showed 
excellent thermal stability, which makes them suitable for OLEDs, infrared photo-
detector applications and amorphous thin film transistors. The effective mass of the 
charge carriers in the amorphous films were estimated using the classical Drude theory. 
The effective mass in the amorphous region was found to be less than 0.20m۪ and there is 
no significant change. On the basis of percolation theory and overlap integral calculations, 
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we are able to conclude that indium is the conducting path provider cation for this 
amorphous system. Mobility monotonously decreases from 71.6 cm2/Vs to 59.4 cm2/Vs 
with an increase in M ratio from 0.19 to 0.43 in the amorphous region. This is due to the 
decrease in the amount of indium with an increase in M ratio from 0.19 to 0.43, which is 
the conducting path provider cation. The changes in the optical band gap from 2.66 eV to 
3.05 eV of the amorphous films with composition was successfully explained using 
Burstein-Moss shift for all the composition except for the M ratio 0.43, for which the 
optical band gap increased even though there was a decrease in the carrier concentration. 
No significant spectral variation of conductivity was observed for completely amorphous 
films irrespective of their composition, which make these amorphous films suitable for 
use both as transparent electrode materials as well as active layer in transparent thin film 
transistors. However, small regions of high conductivity were observed for the films 
having M ratios of 0.14 and 0.48 in the C-AFM study. After comparing with C-AFM 
images of all the films, we observed that the high conductivity was not due to 
topographic variation. These high conductivity regions are nano polycrystalline In2O3 and 
Zn2In2O5 (the most conducting phase in the In2O3-ZnO system) in the films having M 
ratios of 0.14 and 0.48, respectively. A shift of 0.5eV towards higher binding energy is 
observed in In 3d doublet peaks and it is due to amorphous nature of the films.  From a 
careful XPS investigation of the O 1s region, we are able to conclude that oxygen 
vacancies are the principal mechanism for charge-carrier generation in these films. All 
the amorphous films had shown thermal stability even after annealing at 500°C in 
vacuum for 30 minutes. However, at higher annealing temperatures of 600°C and 700°C 
a transition from amorphous to crystalline was observed for the films. Increments in 
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resistivity accompanied crystalline phase formation for the films having M ratios of 0.19, 
0.22, 0.26, 0.40, and 0.43 are typically 5, 2, 10, 18 and 20 times, respectively. The carrier 
concentration significantly increased after annealing at 500°C due to desorption of the 
oxygen from the films. However, the mobility decreased after annealing at 500°C for all 
the amorphous films. The effective masses increased from 0.16m◦, 0.15m◦, 0.18m◦, 
0.19m◦, and 0.17m◦ to 0.27m◦, 0.28m◦, 0.25m◦, 0.20 m◦, and 0.23m◦, respectively, for the 
amorphous films annealed at 500°C and having M ratios of 0.19, 0.22, 0.26, 0.40, and 
0.43, respectively. This diminishing of mobility augurs well with increment in the 
effective mass and the carrier concentration of the amorphous films after annealing at 
500°C. The transmittance decreased after annealing in visible as well as in infrared region. 
The variation of band gaps of all the amorphous films after annealing follows the similar 
trend as carrier concentration and is explained on the basis of the Burstein-Moss law. 
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Chapter 4 
Transparent Polycrystalline Indium 
Zinc Oxide Thin Films  
4.1 Introduction 
 
A systematic study of the polycrystalline region i.e homologous region of the In2O3-ZnO 
system is reported in this chapter. The homologous region in the In2O3-ZnO system 
observed for M ratio (defined as Zn/(Zn+In) atomic ratio) lied  between 0.48 to 0.87. All 
the films in the homologous region exhibited n-type behavior with resistivities in the 
range of 0.9 to 23.9x10-3 Ωcm. Composition dependence (M ratio dependence) of the 
electrical properties such as mobility and carrier concentration was explored. The 
variation of the mobility with respect to M ratio was explained on the basis of the 
separation between pure In2O3 inter-grown layers and the impurity-ion concentration. 
The gradually decrease of carrier concentration with increasing M ratio was correlated to 
the oxygen vacancies and explained. The optical transparency of the polycrystalline films 
was studied in the very wide window ranging from 300 to 2500nm. In addition, the 
variation of transmittance of the films in the infrared region was explained. The change in 
optical band gap was observed with M ratio and the carrier concentration. The trend in 
the change was explained on the basis of the Burstein-Moss law. The effect of the 
vacuum annealing is also reported in this chapter. A shift in the XRD peak towards 
higher Bragg angle was observed for the polycrystalline films after annealing in vacuum. 
The possible reasons behind this shift were also presented. The change in the carrier 
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concentration of the films after annealing was explained by absorption and desorption of 
the oxygen from the grain boundary. The variation of resistivity with annealing 
temperature was studied and the trend was explained. An improvement of the 
transparency of the films was observed after annealing and was explained on the basis of 
the changes in the mobility and the carrier concentration after annealing. 
4.2 Results and Discussion 
4.2.1 Elemental analysis 
The M ratios of the films were determined in the form of atomic percentage of individual 
constituents by EDX attached to SEM (details of the equipment have been given earlier). 
When the In2O3 target power was varied step wise from 54 W to 22W and the ZnO target 
power was varied step wise from 26 W to 50 W; the M ratio increased as listed in Table. 
4.1. The films thickness was maintained at 280±10 nm for all the compositions. 








Nature of the 
film 
54 26 0.48 Polycrystalline 
50 28 0.51 Polycrystalline 
40 33 0.63 Polycrystalline 
34 36 0.69 Polycrystalline 
26 40 0.76 Polycrystalline 
24 48 0.81 Polycrystalline 
22 50 0.87 Polycrystalline 
 
4.2.2 XRD and AFM analysis  
 
XRD spectra of the polycrystalline films are shown in Fig. 4.1. Two XRD peaks were 
observed for all the polycrystalline films having M ratio from 0.48 to 0.87 in the grazing 
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angle mode (Details are provided earlier in Chapter 2). To best of our knowledge we 
were the first to report the two peaks for IZO thin film in the homologous region1, 
although a strong single peak has been reported by several other groups2. The lower 
Bragg angle peaks are located at 31.16°, 31.16°, 31.86°, 32°, 32.64°, 33.04° and 33.46°      


























Fig. 4. 1 X- ray diffraction patterns of the films having a Zn/(Zn+In) at. ratio (M ratio) of (a) 0.48, 
(b) 0.51, (c) 0.63, (d) 0.69, (e) 0.76, (f) 0.81, and (g) 0.87. Both the peaks shift towards higher 
Bragg angle with increasing zinc content in the films. 
 
for the films having M ratios of 0.48, 0.51, 0.63, 0.69, 0.76, 0.81, and 0.87, respectively. 
It was evident that there was an increase in the Bragg angle of the peaks with increasing 
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zinc content in the films and the lower peak lied between the (222) In2O3 (2θ=30.6o) and 
(002) ZnO (2θ=34.4o) peak positions (where θ is Bragg angle). The higher Bragg angle 
peaks were located at 57.16o, 57.76o, 58.49o, 59.03o, 59.72o, 60.36o, and 60.74o for films 
having M ratios of 0.48, 0.51, 0.63, 0.69, 0.76, 0.81, and 0.87, respectively. A similar       






















Fig. 4. 2 X- ray diffraction patterns of the films having a Zn/(Zn+In) at. ratios (M ratios) of (a) 
0.48, (b) 0.51, (c) 0.63, (d) 0.69, (e) 0.76, (f) 0.81, and (g) 0.87 obtained in Gonio mode. Single 
diffraction peak is observed for all the films which lies between the (222) In2O3 (2θ=30.6o) and 
(002) ZnO (2θ=34.4o) peak positions (where θ is Bragg angle). 
trend of shift in the Bragg peak towards higher 2θ with increasing amount of zinc in the 
films was also observed for the higher Bragg angle peak. These peaks lied between the 
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(611) In2O3 (2θ=57.0o) and (103) ZnO (2θ=62.8o) peak positions. However, XRD spectra 
of the polycrystalline films in the gonio mode (Details are given in chapter 2) revealed a 
single strong diffraction peak lies in between the (222) In2O3 (2θ=30.6o) and (002) ZnO 
(2θ=34.4o) peak positions as shown in Fig. 4.2. The strong diffraction peaks were located 
at 30.88°, 30.88°, 31.76°, 31.79°, 32.46°, 32.76°, and 33.12° for the films having M ratios 
of 0.48, 0.51, 0.63, 0.69, 0.76, 0.81, and 0.87, respectively. The lower Bragg angle peaks 
were assigned to the 00l planes of the films, suggesting a c-axis orientation growth of the 
films.3 Occurrence of single strong diffraction peaks in XRD spectra in gonio mode 
indicates the highly textured nature of the IZO films in homologous region. A 
characteristic shift towards the higher Bragg angle with the increase in M ratios of the 
films was observed in this case also.1, 2 The crystalline nature of the films improved with 
increase in the M ratio of the films as evident from the increase in the peak intensity with 
increasing M ratio. In addition, the average grain size of the films is calculated by 
Scherrer’s formula given below {Equation (2.8)} 
                                          θβ
λ
cos
9.0 CuG =                                                                        (4.1) 
here Cuλ , β , and θ  are copper  wavelength (0.154056 nm), Full width half maxima 
of the Bragg diffraction peaks, and Bragg angle corresponding to the diffraction peak, 
respectively. Grain sizes of the thin films having M ratios of 0.48, 0.51, 0.63, 0.69, 0.76, 
0.81, and 0.87 were found to be 11.14, 12.85, 15.85, 16.10, 23.95, 21.85, and 21.45 nm, 
respectively. From the above observations, it can be concluded that in the homologous 
region (M ratios from 0.48 to 0.87 in our case) the crystalline nature of the films 
improves with increasing zinc content of the film. The formation of the most conducting 
homologous phase Zn
1αK
2In2O54, 5, 6 in the film having M ratio of 0.48 and 0.51 was 
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confirmed by comparing the films XRD peak with JCPDS cards7. Apart from Zn2In2O5, 
formation of other homologous phases namely, Zn4In2O6, Zn5In2O7, and Zn7In2O8 for the 
films having M ratios of 0.69, 0.76, and 0.81, respectively, were verified after comparing 
XRD peak with JCPDS cards7 as listed in Table 4.2. 
Table 4. 2 A comparison of XRD diffraction peaks of the films with homologous phases. 
              Reported data   Experimental data of this work 
Homologous phase 2θ(Degree)/Diffraction plane M ratio   2θ (degree) 
Zn2In2O5I 30.98°/ (008) 0.48 & 0.51 30.88° 
Zn4In2O6II 32.042°/ (0012) 0.69 31.79° 
Zn5In2O7III 32.327°/ (0021) 0.76 32.46° 
Zn7In2O8IV 32.864°/ (0027) 0.81 32.76° 
   
   IPDF file 20-1442, structure-Hexagonal  
    IIPDF file 20-1438, structure-Hexagonal 
   IIIPDF file 20-1440, structure-Hexagonal 
  IVPDF file 20-1441, structure-Hexagonal 
AFM has been ubiquitously employed for surface morphology mapping and surface 
roughness measurement. The surface morphologies of all the polycrystalline films are 
shown in Fig. 4.3. The surface roughness values of the films having M ratios of 0.48, 
0.51, 0.63, 0.69, 0.76, 0.81 and 0.87 were 1.68, 1.82, 2.41, 1.48, 1.29, 1.71 and 1.76, 
respectively. All the films have similar surface morphologies as shown in Fig. 4.3.                                     
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Fig. 4. 3 Atomic force microscopy (AFM) images of the thin films having M ratios of (a) 0.48, (b) 
0.51, (c) 0.63, (d) 0.69, (e) 0.76, (f) 0.81, and (g) 0.87. Roughness (Root mean square) for all the 
thin films lies between 1 to 2 nm. 
4.2.3 Electrical and Optical properties  
 
 The mobility and the carrier concentration variation with M ratio are shown in Fig. 4.4. 
The interlayer-spacing between two pure In-O layers plays an important role in governing 
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the mobility of these films.1 These pure In-O layers may link to indium atoms present in 
the In/Zn-O interlayer and provide conducting path.8 As the M ratio increases, indium in 
the In/Zn-O layer decreases and the number of In/Zn-O layers in between pure In-O 
increases, resulting in pure In-O layers which are far apart. Thereby, a gradual decrease 
in mobility is expected with increasing M ratio. However, the mobility of polycrystalline 
TCOs also strongly depend on the impurity-ion concentration (oxygen vacancies etc.), 
and this is also true for the In2O3-ZnO system.5, 9 Therefore, two factors affect the 
mobility in this region: (1) interlayer spacing between two pure In-O layers, and (2) the 
impurity-ion concentration.1 The film having a M ratio of 0.48 had a relatively higher 
mobility as compared to other films in the homologous region owing to the presence of 
high mobility amorphous indium zinc oxide phase, which is evident from Fig. 3.2 b and c, 
together with polycrystalline clusters. As the M ratio was increased, the carrier 
concentration increased from 1.26x1020 cm-3 for the film having a M ratio of 0.48 to 
2.28x1020 cm-3 for the film having a M ratio of 0.51 and then gradually reduced to a value 
of 3.74x1019 cm-3 for the film having a M ratio of 0.87. As the carrier concentration 
decreases, there is a reduction in the density of scattering centers, which enhances the 
mobility in the films. From this we concluded that these two factors competed with each 
other. This explained the higher mobility of the film having a M ratio of 0.69 compared 
to the film having a M ratio of 0.63, i.e. in this case the reduction in the carrier 
concentration had overcome the effect of increase in interlayer spacing between two pure 
In-O layers. The carrier concentration in the homologous region increased from 
12.6x1019 cm-3 for the film having a M ratio 0.48 to 22.8x1019 cm-3 for the film having a 
M ratio 0.51, then gradually decreased to 3.74x1019 cm-3 for the film having a M ratio 
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0.87. The oxygen vacancies is the principal mechanism for charge-carrier generation in 
the homologous region of the indium zinc oxide system and the contribution of oxygen 
vacancies towards carrier concentration diminishes with an increasing M ratio is reported 
by us1. The variation in the carrier concentration seemed consistent with the above 
reported result.  



































































Fig. 4. 4 Mobility, carrier concentration and direct optical band gap variation with M ratio of the 
films in the homologous region.  
 
The mean free paths of the films were calculated using standard equation for gaseous 
molecules and given by  
                           ( )( ) µπ 3132 Nehl = ,                                                                         (4.2) 
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where h, N, µ and e denote the Planck constant, carrier density, mobility and elementary 
electrical charge, respectively. The mean free path of the polycrystalline films along with 
the average grain size (calculated from XRD spectra using Scherrer’s formula) and 
electrical resistivity is listed in Table 4.3. The mean free path decreased from 2.34 nm for 
the film having a M ratio of 0.48 to 0.68 nm for the film having a M ratio of 0.63, then 
increased to 0.77 nm for the film having a M ratio of 0.69, and subsequently diminishes 
to 0.22 nm for the film having a M ratio of 0.87. This trend of the mean free path in the 
homologous region was consistent with the resistivity and the mobility variation. The 
grain sizes of all the films lied between 11-24 nm which is more than 10 times of the 
mean free path of the charge carriers. This implies that grain boundary scattering is not a 
significant scattering mechanism in these films.  
 
Table 4. 3 Listed below are resistivity, mean free path, and grain size of the films along with their 
corresponding M ratios.  
M ratio Resistivity (Ωcm) Mean free path (nm) Grain size (nm) 
0.48 0.0009 2.48 11.14 
0.51 0.0010 1.25 12.85 
0.63 0.0034 0.68 15.85 
0.69 0.0032 0.77 16.10 
0.76 0.0129 0.36 23.95 
0.81 0.0204 0.24 21.0 
0.87 0.0239 0.22 21.85 
  
A Systemic Study of Indium Zinc Oxide Thin Films 
 
84
Transparent Polycrystalline Indium Zinc Oxide Thin Films                                 B. Kumar                         
All the polycrystalline films showed a wide transmittance window ranging from 300-
2500 nm. In the visible range (400-800 nm), transmittances of all the films were found to 
be in the range of 80-98% as shown in Fig. 4.5a for the M ratio of 0.81 and no distinct 
change in transmittance spectra was observed between the films having different M ratios. 
In infra-red and far infra-red regions (1100-2500 nm) observable differences between 
transmittance have been observed as shown in Fig. 4.5b. Particularly in 
telecommunication wavelength range (1350-1500 nm) all the polycrystalline films had 
shown transmittances higher than 82%. As it is know that the transmittance in the infra- 
red region and beyond depend on the carrier concentration, wavelength of photon and
   










































                        
                               (a)                                                                                 (b) 
Fig. 4. 5 (a) Transmittance spectrum of the film having a M ratio of 0.81. (b) Variation of the 
transmittance with the M ratio of the films in wavelength range of 1100 nm to 2500 nm; a, b, c, d, 
e, f, and g represent the film having M ratio of  0.48, 0.51, 0.63, 0.69, 0.76, 0.81, and 0.87, 
respectively. 
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Mobility. The absorption coefficient (α) is given as10                                                                                     






= ,                                                                       (3.5) 
where C is a constant, λ is the wavelength of the incident radiation, N is carrier 
concentration and Hµ  is the Hall mobility. We observed that the films having M ratio of 
0.48 and 0.63 had shown anomalous behavior. The film having M ratio has shown quite 
high transmittance (87% to 97%) even though it had very high carrier concentration (1.26 
x1020 cm-3). The reason behind this anomalous behavior is the relatively high mobility 
(52 cm2/Vs) of the films having a M ratio of 0.48 compared to other crystalline films with 
mobilities below 25 cm2/Vs. However, in case of the film having a M ratio of 0.63, 
uncharacteristic low transmittance could be due to the highly rough surface morphology 
(RMS roughness > 2 nm where as other crystalline films have RMS roughness < 1.8 nm). 
Tauc’s plot for direct band gap measurement ((αhγ)2 versus hγ) has been extensively used 
for the optical band gap measurement of  polycrystalline thin films. We have used the 
same method to estimate the optical band gap of polycrystalline thin films. The direct 
optical band gap of the films increased from 3.39 eV for the film having a M ratio of 0.48 
to 3.43 eV for the film having a M ratio of 0.51 and gradually decreased to 3.12 eV for 
the film having a M ratio of 0.87 as shown in Fig. 4.6. Similar trend is also observed for 
the carrier concentration; it increased from 12.6x1019 cm-3 for the film having a M ratio 
0.48 to 22.8x1019 cm-3 for the film having a M ratio 0.51 then gradually decreased to 
3.74x1019 cm-3 for the film having a M ratio 0.87. This implies that these polycrystalline 
thin films are degenerate in nature and this direct band gap dependence of carrier 
concentration can be explain on the basis of the Burstein-Moss law11. 
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Fig. 4. 6 Photon energy (hγ) dependence of (αhγ)2 and the direct optical band gap is estimated by 
extrapolating the curve (αhγ)2 vs hγ; where α is absorption coefficient, h is Planck constant and γ 
is photon frequency.  
4.2.4 Effect of Vacuum Annealing  
 
All the polycrystalline films in the homologous region were annealed at 300°C, 400°C, 
and 600°C for 30 minutes in vacuum (9.75x10-4 Torr) irrespective of their composition. 
XRD patterns of the polycrystalline films annealed at different conditions are shown in 
Fig. 4.7. A shift in the diffraction peak position was observed towards higher 2θ (where θ 
is Bragg angle) value with increasing annealing temperature for the films having M ratios 
in the range from 0.48 to 0.87. For the film having a M ratio 0.69, the diffraction peak 
position shifted from 31.79° to 32.34° after annealing at 600°C for 30 minutes, whereas 
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the diffraction peak position shifted to 31.96° and 32.04° after annealing at temperature 
of 300°C and 400°C, respectively.  Similar shift in the diffraction peak positions with 
increasing annealing temperature was observed for all the polycrystalline films in the 
homologous region. Same trend of shift in the diffraction peak towards higher 2θ value 
with increasing M ratio was observed in this homologous region as shown in Fig. 4.2. If 
this shift in XRD peaks was due to the formation of higher M ratio compound in the films, 
the formation of compound with higher M ratio after annealing must accompanied with 
the formation of pure In2O3. However, we did not observe any trace of pure In2O3 in all 
the polycrystalline films after annealing. Lee at el.12 reported that the d002 spacing 
decreased with increasing oxygen vacancies in ZnO films. As it is known that the oxygen 
vacancies are prime source of carrier generation in the homologous region.1 This 
postulate augurs well with the films having M ratios of 0.76, 0.81 and 0.87. For the films 
having M ratios of 0.76, 0.81 and 0.87, the carrier concentration increased with 
increasing annealing temperature due to desorption of oxygen from the films i.e. creation 
of more oxygen vacancies in the films as listed in Table no. 4.4. However, for the films 
having M ratio of 0.48, 0.51, 0.63 and 0.69, the carrier concentration reduced after 
annealing at 300°C in vacuum as compared to as grown films. This implies that the 
model proposed by Lee et al.12 is not applicable to this homologous region of the In2O3-
ZnO. This shift in the diffraction peak positions may be due to relaxation of the stress 
present in the films. In addition, increments in the diffraction peak due to composition 
variation i.e. increase in M ratio have been preserved even after annealing at different 
temperatures as shown in Fig. 4.8. The crystallinity of the homologous region improved 
slightly after annealing in vacuum. We did not observe any trend in the improvement of  
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the crystallinity after annealing, similar observation had been reported by T. Minami et 
al.13 for Zn2In2O5.                                                                                                                                           
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Fig. 4. 7 XRD patterns of as grown and vacuum annealed polycrystalline thin films having a M 
ratio of (a) 0.48, (b) 0.51, (c) 0.63, (d) 0.69, (e) 0.76, (f) 0.81, and (g) 0.87. 
 
The electrical properties such as carrier concentration, mobility etc. of the films having 
different M ratios together with the effect of heat treatment on the electrical properties 
were listed in Table 4.4. The mobility of all the films expect for the film having a M ratio 
of 0.48 improved significantly after annealing at 600°C in vacuum. For the film having a 
M ratio of 0.48, decreased in the mobility as compared to as grown film might be due to 
the presence of amorphous phase along with polycrystalline phase as evident from Fig. 
3.3b. Mobility of the polycrystalline TCOs after heat treatment depends on two factors; 
(1) change in the impurity-ion density and (2) improvement in the crystalline nature. 
Impurity-ion scattering is the predominant scattering mechanism of charge carrier in the 
homologous region.1, 5 Except for the films having M ratios 0.48 and 0.63, there was a 
decrease in the carrier concentration after annealing 600°C. This implies that there is 
reduction in the density of scattering centers. Apart from that there is still an increase in 
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crystallinity after annealing. All the films are degenerate in nature. Therefore, the effect 
of the grain boundary would be minimal. Absorption and desorption of oxygen from  






































                                  



















Fig. 4. 8 XRD patterns of the thin films having a M ratio of (a) 0.48, (b) 0.51, (c) 0.63, (d) 0.69, 
(e) 0.76, (f) 0.81, and (g) 0.87. And all the films are annealed at 300°C, 400°C and 600°C in 
vacuum (9.75x10-4 Torr) for 30 minutes irrespective of their composition. 
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grain boundary of the polycrystalline TCOs is a significant phenomenon during heat 
treatment. As the major source of donors in these films is oxygen vacancies, the 
incorporation of oxygen states in the grain boundaries would alter the carrier 
concentrations. Absorption and desorption of oxygen from grain boundary could be 
happened either to the bulk grain14, 15 or the surrounding environment16. Desorption of 
oxygen from the grain boundary to bulk grain leads to decrease in the carrier 
concentration, where as desorption of oxygen from the grain boundary to surroundings 
enhance number of charge carriers. We observed that the carrier concentration of the 
films having a M ratio of 0.51, 0.63, and 0.69 decreased by 30%, 40%, and 53%, 
respectively, after annealing at 300°C. On the contrary, the carrier concentration of the 
films having a M ratio of 0.76, 0.81, and 0.87 increased by 20%, 62%, and 78%, 
respectively after annealing at 300°C. This implies that the diffusion of oxygen from the 
grain boundary to the bulk grain is the predominant mechanism for the films having a M 
ratio of 0.51, 0.63, and 0.69, where as, desorption of oxygen from the grain boundary to 
the surrounding ambient is prevalent mechanism for the films having 0.76, 0.81, and 0.87 
at 300°C. After annealing at 400°C, the carrier concentration of all the films increased 
irrespective of the composition. This suggests that the oxygen desorption from the grain 
boundary to surrounding is the main reason of enhancement in charge  carrier density due 
to higher partial pressure of oxygen in the film compared to the surroundings. Annealing 
at 600°C, there are two processes occurring simultaneously (1) desorption of oxygen and 
(2) diffusion of cations from glass substrate into the films. Apart from the films having a 
M ratio of 0.48 and 0.63, there was a reduction in the carrier concentration of the films. 
This may be due to diffusion of cations from glass substrate into films and similar 
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phenomenon was observed for the amorphous films (See Section 3.2.6). In terms of 
annealing, homologous region can be divided into two groups. First group which had low                         
Table 4. 4 Listed below is the electrical properties and optical band gap of the amorphous thin 
















As grown 12.6 3.397 52 0.0009 
300°C 14.5 3.503 36.6 0.0012 
400°C 13.0 3.443 55.5 0.0008 
0.48 
600°C 17.0 3.545 40.7 0.0009 
As grown 22.8 3.431 21.6 0.0010 
300°C 15.8 3.464 30.5 0.0013 
400°C 24.2 3.649 26.6 0.0009 
0.51 
600°C 23.6 3.534 37.3 0.0007 
As grown 13.0 3.358 14.2 0.0034 
300°C 7.81 3.306 8.92 0.0089 
400°C 12.4 3.340 14.6 0.0035 
0.63 
600°C 13.1 3.403 41.6 0.0012 
As grown 11.9 3.330 16.6 0.0032 
300°C 5.61 3.264 12.8 0.0087 
400°C 14.0 3.346 12.7 0.0036 
0.69 
600°C 10.0 3.282 34.5 0.0018 
As grown 4.66 3.176 10.4 0.0129 
300°C 5.61 3.181 10.6 0.0105 
400°C 12.3 3.296 11.2 0.0045 
0.76 
600°C 4.19 3.163 30.0 0.0049 
As grown 4.19 3.129 7.29 0.0204 
300°C 6.77 3.160 7.02 0.0132 
400°C 10.50 3.200 9.36 0.0063 
0.81 
600°C 3.84 3.121 20.7 0.0078 
As grown 3.74 3.117 6.99 0.0239 
300°C 6.64 3.156 6.43 0.0146 
400°C 7.79 3.181 9.81 0.0075 
0.87 
600°C 2.09 3.109 24.3 0.0123 
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variation in resistivity after M ratio i.e. 0.51, 0.63, and 0.69, their resistivity increased 
after annealed at 300°C in vacuum and subsequently decreased after annealing at higher 
temperatures (400°C & 600°C) as shown in Fig. 4.9. The second group consisted of the 
films having high M ratio i.e. 0.76, 0.81, and 0.87. Their resistivities decreased after 
annealed up to 400°C and then increased after annealing at 600°C as shown in Fig. 4.9.  
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Fig. 4. 9 The effect of annealing temperature on the resistivity in the homologous region. 
Transmittance spectra of the polycrystalline films annealed at different temperature are 
shown in Fig. 4.10. Transmittance in the visible range of the annealed films improved as 
compared to their as grown counterpart. This is contrary to the annealed amorphous films, 
for which the transmittance deteriorates as shown in Fig. 3.13. Transmittance in the infra-
red region clearly showed strong dependence on the carrier concentration. Transmittances 
of the films having M ratios of 0.63 and 0.69 were less than that of the film, having the 
same M ratio, annealed at 300°C, whereas the films annealed at 400°C have worse 
transmittance than the as grown films as shown in Fig. 4.10a and 4.10b. As discussed 
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earlier, the carrier concentration deceased after annealing at 300°C for the films having M 
ratios of 0.63 and 0.69. But for the films having M ratios of 0.81 and 0.87, transmittances  
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Fig. 4. 10 Transmittance spectra of as grown polycrystalline films as well as annealed thin films 
at different temperature having a M ratio of (a) 0.63, (b) 0.69, (c) 0.81, and (d) 0.87. 
Transmittance of the annealed films is either better or comparable to their as grown counterparts. 
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Fig. 4. 11 Photon energy (hγ) dependence of (αhγ)2 for films having M ratio of (a) 0.69 and (b) 
0.8. The direct optical band gap is estimated by extrapolating the curve (αhγ)2 vs hγ; where α is 
absorption coefficient, h is Planck constant and γ is photon frequency. 
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of the films annealed at 400°C and 300°C  were lower that those of the as grown films. 
This is due to the enhancement in the charge carrier density after annealing the films at 
both the temperatures (Table 4.4).This phenomenon has been observed for other films 
also. The direct optical band gap of the films has been estimated from absorption spectra 
by using Tauc’s plot for direct band gap measurement ((αhγ)2 versus hγ). The estimated 
direct band gaps of all the polycrystalline films annealed together with the as grown films 
are listed in Table 4.4. The Burstein-Moss shift11 of the band gap is evident for all the 
films after annealing.  The band gap of the films having a M ratio of 0.69 decreased from 
3.33 eV (as grown film) to 3.26 eV after annealing at 300°C due to reduction in the 
carrier concentration, whereas band gap increased from 3.33 eV (as grown film) to 3.345 
eV after annealing at 400°C due to the increase in the carrier concentration as shown in 
Fig. 4.11a. For the film having 0.81 M ratio, the direct band gap increased from 3.129 eV 
to 3.16 eV and 3.20eV after annealing at 300°C and 400°C as shown in Fig. 4.11b, 
respectively. The carrier concentration increased from 4.19x1019 cm-3 to 6.77x1019 cm-3
and 10.5x1019 cm-3 after annealing at 300°C and 400°C, respectively. In addition, the 
direct band reduced to 3.121 eV after annealing at 600°C as carrier concentration 
decreased to a value of 3.84x1019 cm-3. Similar behavior was observed for all other films 
having different M ratios except for the film having a M ratio of 0.51 and annealed at 
300°C as listed in Table 4.4. This indicates that all the films in the homologous region are 
degenerate in nature. 
4.3 Summary and Conclusions 
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The homologous region in the In2O3-ZnO system was observed for the films having M 
ratio in the range of 0.48 to 0.87. Two XRD peaks were observed in the grazing angle 
mode scan of the films having M ratio in the homologous region. Both the diffraction 
peaks shift towards higher 2θ value with increasing M ratio. Only single diffraction peak 
was observed in for all the films in the gonio mode scan. This signifies the high texture 
nature of the films and preferential growth of the films along the 00l planes. In addition, 
formation of the homologous phases Zn2In2O5, Zn4In2O6, Zn5In2O7, and Zn7In2O8 in the 
films having M ratio of 0.51, 0.69, 0.76, and 0.81, respectively, was observed. The 
mobility in the homologous region depends upon two factors: the separation between 
pure In2O3 inter-grown layers and the impurity-ion concentration. These two factors 
compete with each-other as M ratio was increased. The oxygen vacancies are the prime 
source of carrier generation in the homologous region. The carrier concentration 
gradually decreased as the contribution of the oxygen vacancies diminished with 
increasing M ratio. A very wide transmittance window ranging from 300-2500nm was 
observed for all the films in the homologous region. All the films in the homologous 
region exhibited a transmittance of 80-98% in the visible region. The variation of the 
direct optical band gap in the homologous region follows a similar trend as that of the 
carrier concentration. This implied that the change in the band gap could be explained on 
the basis of the Burstein-Moss law. After annealing in vacuum, there was a shift in the 
XRD peaks toward higher 2θ for the films irrespective of composition. This shift was 
explained on the basis of the formation of higher M ratio homologous phases, variation of 
oxygen vacancies and stress developed during deposition of the films. However, the 
reason behind this change in the XDR peak is still not clearly understood. The two factors: 
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(1) change in the impurity-ion density and (2) improvement in the crystalline nature, 
affect the mobility after annealing in vacuum. There was marked improvement in 
mobility of the films after annealing at 600°C. The variation of the carrier concentration 
was explained on the basis of oxygen absorption and desorption from the grain 
boundaries. For the films having M ratio 0.51, 0.63, and 0.69, carrier concentration 
decreased after annealing at 300°C, where as, for the films having M ratio 0.76, 0.81, and 
0.87, it increased. The minimum resitivity was achieved after annealing at 400°C for all 
the films irrespective of composition.  Transmittance in the visible range of the annealed 
films improved as compared to their as grown counterpart. The direct optical band gap of 
the films after annealing showed similar behavior as the carrier concentration and was 
explained by Burstein-Moss law. This is a testimony of the degenerate nature of the films 
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Chapter 5 




The indium zinc oxide thin films were deposited by RF magnetron co-sputtering. A 
composition dependence of amorphous and polycrystalline nature of the films was 
observed. The films having M ratios in the range 0.19-0.43 were amorphous in nature; 
where as, the films with M ratios in the range 0.48-0.87 were polycrystalline in nature. 
The amorphous films were highly conducting (2.5x103-1.58x103 (Ωcm)-1) and have a 
wide transmittance window ranging from 300-2500 nm. Similarly, the polycrystalline 
films were also had good conductivity and wide transmittance window in the range 300-
2500nm. The conductivity decreased with increasing M ratio for both amorphous and 
polycrystalline films. Formation of several homologous phases such as Zn2In2O5, 
Zn4In2O6, Zn5In2O7, and Zn7In2O8 has been observed in the homologous region. The 
effective masses of the amorphous thin films were calculated using the classical Drude 
theory. The effective mass in the amorphous region was found to be less than 0.20m۪ and 
there is no significant change of the effective mass in the amorphous region. The mobility 
in the amorphous region primarily depends on the indium content of the films and indium 
ion is the conducting path provider in the amorphous region. The mobility in the 
polycrystalline or homologous region depends on two factors: the separation between 
pure In2O3 inter-grown layers and the impurity-ion concentration. These two factors 
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compete with each-other as M ratio increases in the homologous region. The source of 
the carrier generation in both amorphous and homologous region is oxygen vacancies. 
The oxygen vacancies contribution towards carrier concentration gradually decreases 
with increasing M ratio in both amorphous as well polycrystalline regions. The changes 
in the optical band gap of the amorphous films with composition was successfully 
explained using the Burstein-Moss shift for all the compositions except for the M ratio 
0.43, for which the optical band gap increased even though there was a decrease in the 
carrier concentration. Variation in the direct optical band in the homologous region with 
M ratio was explained on the basis of the Burstein-Moss law. 
An extremely high amorphous to crystalline transition temperature (600°C to 700°C) was 
observed for the amorphous films as compared to the reported transition temperatures, 
which are below 600°C.1-3 In addition, the crystalline temperature increased with 
increasing M ratio. In the homologous region, a shift in the XRD peaks towards higher 2θ 
was observed after annealing in vacuum. However, this behavior has not been completely 
understood. The mobility of the amorphous films decreased after annealing at 500°C. 
This decrease in the mobility was due to an increase in the effective mass of the 
amorphous films. The carrier concentration significantly increases in the amorphous 
region after annealing at 500°C due to desorption of the oxygen from the films. The 
change in the carrier concentration in the homologous region after vacuum annealing was 
explained on the basis of oxygen absorption and desorption from the grain boundaries. 
For the films having M ratio 0.51, 0.63, and 0.69, carrier concentration decreased after 
annealing at 300°C, where as, for the films having M ratio 0.76, 0.81, and 0.87, it 
increased. The minimum resitivity was achieved after annealing at 400°C for all the films 
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irrespective of the composition in the homologous region. The transmittance decreased 
after annealing in visible as well as in infrared region for the amorphous films, where as, 
transmittance in the visible range of the annealed polycrystalline films improved as 
compared to their as grown counterpart. The optical band gaps of the films followed 
similar trend as that of carrier concentration after annealing irrespective of their M ratios. 
5.2 Scope for future works 
 
The main focus of this thesis was to study the transparent conducting indium zinc oxide 
system. The presence of amorphous region in this system, which is consistent with the 
prediction made by H. Hosono et al.4 has opened a new avenue for study. All the films 
used in this study have a thickness around 285 nm. This thickness of the films is 
acceptable for transparent electrode applications. However, for the amorphous thin film 
transistor the active layer thickness typically should be around 85 nm or even less5. As it 
is well known that the change in thickness significantly affects the properties of the thin 
films. We observed that there is correlation between composition and mobility of 
amorphous IZO films. In addition, the films tend to be degenerate in nature. An active 
channel layer in thin film transistor (TFT) must be intrinsic in nature. Therefore, these 
amorphous films should be grown in such to maintain it intrinsic semiconductor nature 
(i.e. carrier concentration less than 10+17 cm-3) to study the feasibility of using amorphous 
IZO as active channel layer in TFT. All the films for this work were grown with pure Ar 
plasma and the main source of carrier generation are oxygen vacancies in the amorphous 
region as well as for the homologous region. A study of effect of oxygen in gas plasma 
mixture on the amorphous region would be a worthwhile study to optimize the condition 
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of growth of intrinsic amorphous indium zinc oxide with thickness around 85 nm. A 
composition dependence of mobility and the feasibility of co-sputtering for growth of 
amorphous indium zinc oxide may also come out from this study. In addition to the 
typical electrical optical characterization of the thin films, electrical states located deeper 
within the band gap of the amorphous semiconductor can also be probed by deep-level 
transient spectroscopy (DLTS) of a reverse-biased metal/semiconductor junction6. This 
study would help to decide the best composition of amorphous indium zinc oxide for 
transparent amorphous TFT application. 
All the films in this study were grown at a moderate substrate temperature of 200°C. A 
similar study can be done at room temperature and higher substrate temperature such as 
300°C and 400°C. This will facilitate important information such as the effect of 
substrate temperature on the composition of the amorphous region as well as the 
homologous region and the effect of substrate temperature on the conductivity of the 
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